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Abstract 
Landfill leachate is a highly polluted wastewater which is formed when water 
percolated through landfills. Landfill leachate irrigation can be considered as a 
mean for treatment and recycling, as water and nutrients in leachate can be taken up 
by plants to enhance productivity. Both beneficial and adverse effects on plants 
were reported which depend on species selection and leachate dilution. 
Leachate from the West New Territories (WENT) Landfill was used in this 
study as it was found to be the most toxic in Hong Kong. Leachate samples were 
characterized by alkaline pH, high ammoniacal N (NHx-N), electrical conductivity 
(EC), chemical oxygen demand (COD) and total organic carbon (TOC), but low in P, 
oxidized N (NOx-N) and metal contents, which indicates that the landfill had already 
reached the methanogenic stage, although it is still an operating landfill. A seasonal 
variation in leachate strength was found which is related to the precipitation. Lo\v 
leachate P content may limit plant growth. 
Nineteen tree species were selected as candidates for leachate irrigation. Most 
of the species showed an increased productivity when they were irrigated with 
leachate diluted to 5% v/v. No obvious adverse effects on the seedlings were 
evident during the 90-day irrigation. A higher foliar N content was obtained in 
leachate-irrigated seedlings. N-fixing species were generally less responsive to 
leachate irrigation when compared with non-N-fixing species. N-fixation was 
retarded by leachate to certain extent. The growth of Hihiscm tiliaceus. Meiia 
azedarach and Sapium discolor, were stimulated the most by leachate. P addition 
did not enhance the productivity of leachate-irrigated seedlings. The poor response 
was due to the increase in P demand as a result of increase in N supply by leachate 
irrigation. In addition, soil acidity decreased the soil P availability 
Phosphatase activities were stimulated by leachate irrigation as increased 
nutrient supply promoted plant growth and microbial population. Nitrification was 
promoted by leachate irrigation, but Urease activities were inhibited. It is because 
since leachate irrigation introduced large amount of N H / to the soil. Urease 
activity inhibition shows that N mineralization may be impaired by leachate 
irrigation. However, the adverse effect of N mineralization on ecosystem is 
counteracted by the supply of readily available N in leachate. There was no 
significant difference (p > 0.05) in dehydrogenase activity between water- and 
leachate-irrigated soils. Microbial activities and soil functions were not impaired 
by leachate irrigation at the 5% (v/v) dilution for 20 weeks. Decrease in soil 
microbial activities and nitrification after 20 weeks was probably a result of seasonal 
variation in microbial activities. 
It was found that the soil-plant system irrigated with leachate would be 
saturated by the chemicals in leachate, especially N, after 20-week irrigation, if 
irrigation was not managed properly. Leaching of N and CI" in ieachate-imgated 
columns showed that potential groundwater contamination may occur. 
No severe adverse effect was observed for plant and soil activities. Leachate 
irrigation would be practical, if leachate is appropriately diluted and suitable plant 
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Chapter 1 Introduction 
1.1 Municipal solid waste generation and disposal 
Solid wastes are the useless, unwanted and/or discarded solid materials (Qasim 
and Chiang, 1994) and municipal solid wastes (MSW) are those associated with 
municipal activities. Waste generation increased nearly 16% from 1995 to 2003 in 
the European Union countries (EU, 2005). It increased over 15% in both the United 
States (USEPA, 2005) and Hong Kong (EPD, 2005a) during the last decade. The 
proliferation of MSW is a symptom of the culture that places a high value on comfort 
and economic growth in an over industrialized, urbanized and centralized society. 
Over 500 kg MSW per capita was generated in the world annually in 2004 (OECD, 
2005). Figure 1.1 shows the annual MSW generated per capita in the European 
Union and Hong Kong over the last decade. This implies that waste generated per 
capita is greatly related to lifestyle and economic development. 
Once wastes are generated, they would either be recycled or disposed. 
Recycling can be classified into two categories, i.e. material and energy. Materials 
that can be recycled include papers, plastics and metals. Organic materials can also 
be recycled by converting the organic fraction to sugar and protein for animal food or 
by composting which converts the organic fraction of the solid wastes into 
humus-like materials for use as soil conditioner. Energy recovery includes 
anaerobic digestion which generates methane that act as fuel, and thermal treatment, 
which obtains energy by direct waste combustion. 
No matter the waste is treated or not, the residual parts should be disposed of. 
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Figure 1.1 Annual waste generation per capita in the European Union ( • ) and Hong 
Kong ( • ) (EPD, 2005a; EU, 2005). 
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Landfill is necessary for waste management, since all waste treatment methods leave 
residues that cannot be further processed. 
1.2. Landniling 
Landfilling is the engineered deposit of wastes onto land in such a way that 
pollution or harm to the environment is prevented (Westlake, 1995). Landfilling is 
considered to be the cheapest way for waste disposal regardless of the environmental 
costs. Over 50% of MSW generated in the United States (USEPA, 2005), 67% in 
the European Union (EU, 2006) and all in Hong Kong were disposed of in landfills. 
Landfill can be considered as a bioreactor in which decomposition of wastes in 
landfill is carried out biologically (Figure 1.2). These biological processes, mainly 
anaerobic, generate numerous compounds which determine the characteristics of 
landfill gas and leachate (Lo, 1996). 
Figure 1.3 shows the layout of a modern sanitary landfill. An impervious 
lining should be installed at the bottom of landfill to prevent groundwater pollution. 
The waste unloaded to the landfill cell would be spread to a thin layer and compacted 
to reduce the volume. A daily cover layer, which is usually the stockpiled in situ 
soil, would be placed on each cell at the end of the day to control blowing of waste, 
disease vectors such as rats and entry of water (Tchobanoglous et al., 1993). 
Leachate collected would either be treated on-site in leachate treatment plants or 
co-treated with municipal sewage works off-site before disposal. Landfill gas 
collected is either flared or collected for energy production. 
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Figure 1.2 Anaerobic degradation processes occurred in landfills (redrawn from 
Department of the Environment, UK, 1986). 
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Figure 1.3 Cross section diagram of a typical landfill (EPD, 2005b). 
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1.3 Landfill structure 
1.3.1 Landfill envelope 
In the past, leaching from the waste was supposed to be completely attenuated 
by soil and groundwater, and hence environmental contamination was not an issue. 
It was believed that advection, dispersion, sorption to the aquifer matrix and 
biodegradation occurred in groundwater could attenuate the leachate contamination 
(Barlaz et al., 2002). Therefore, no impermeable lining was installed in the landfill 
at that time (Figure 1.4a). However, groundwater contamination problem was 
identified from unlined landfills (Qasim and Chang, 1994; Fatta et al., 1999). As a 
result, modern sanitary landfills require containment technique. In containment 
landfill, water entry is prevented so that leachate generation is reduced. Once 
landfill leachate and landfill gas are generated in containment landfills, they are 
collected for proper treatments to reduce their environmental impacts (Figure 1.4b). 
Landfill envelope consists basically of composite lining, leachate collection and 
removal system, gas collection and control system and a final cover system in order 
to isolate the pollutants from the surroundings (Figure 1.5). It isolates the waste 
from the environment by limiting rainfall infiltration, avoiding groundwater 
contamination and handling landfill gas generated (Qian et al., 2001). 
1.3.2 Landnil lining 
A liner system is placed at the bottom and along the lateral sides of a landfill. 
It acts as a barrier against the hydraulic and diffusive transport of leachate solutes. 
Its main purpose is to isolate the solid wastes and prevent contamination of the 
surrounding soil and groundwater. A liner consists of multiple barrier and drainage 
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Figure 1.4 (a) Natural attenuation landfill where groundwater is susceptible to 
leachate contamination; (b) Groundwater is protected from leachate contamination 
and leachate is collected for treatment on containment landfill (Bagchi, 1994). 
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Figure 1.5 Typical landfill envelope (Qian et al., 2001). 
8 
layers. The liners are made of natural or synthetic materials, or a combination of 
the two. A landfill lining may contain either one layer or multiple layers of liner 
depending of the types of waste being disposed of and the requirement of the local 
authority. Usually, a double liner is required for hazardous waste landfill. 
1.3.3 Leachate collection and removal system 
Leachate collection system uses pipes (usually PVC) to collect and conduct 
landfill leachate to the treatment facilities. Efficient leachate removal is essential to 
relieve the hydrostatic pressure over the liner. The pipes are placed above the liner 
in drainage layers filled with sand or gravel. The base of landfill is generally sloped 
so that leachate drains naturally to the collection points. An underdrain system 
below the liner may also be necessary to remove the groundwater to relieve the 
pressure built up in case of a rising water table to prevent rupture of the liner (Figure 
1.5). This drainage system also allows the collection of groundwater for 
contamination monitoring. 
1.3.4 Gas collection and control system 
MSW can generate large quantities of landfill gas, which mainly composes of 
CH4 and CO2, during decomposition. The gas collection system is used to recover 
the landfill gas to produce energy or to be flared under controlled condition. 
1.3.5 Final cover system 
The final cap or cover system consists of barrier and drainage layers (Figure 
1.6). The main purpose of landfill final cover is to minimize water infiltration into 
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Figure 1.6 Landfill cover design recommended by USEPA: (a) cover with sand 
drainage layer, (b) cover with gas vent and vent layer (adopted from Qasim and 
Chiang, 1994). 
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the landfill to reduce the amount of leachate generated after landfill closure. A soil 
layer is also included that protects the underlying layers against the rainwater 
intrusion, damage, and the effects of frost. The soil cover can also provide a 
medium for vegetation. Increased evapotranspiration further reduces water 
infiltration to the waste. Plantation can also control the soil erosion of the covering 
layer which in turn minimizes the risk of leakage of landfill gas and leachate 
(Cureton et al., 1991). In addition, the vegetation layer provides an aesthetic effect 
for the closed landfill and accelerates ecological restoration. 
1.4 Landfill leachate generation and characterization 
Landfill leachate pollution is one of the most concerned problems of landfilling. 
When water infiltration exceeds the field capacity of waste buried in the landfill, 
water passes through the waste mass and carries away dissolved and suspended 
pollutants, to form landfill leachate. Figure 1.7 shows the water balance in a 
landfill. Quantity of leachate depends on precipitation, runoff, infiltration, 
evaporatranspiration and depth of landfill (Qasim and Chiang, 1994). There were a 
number of mathematic models, based on water budget, that describe the process of 
leachate generation (Pfeffer, 1992; Tchobangoous et al., 1993; Qasim and Chang, 
1994). A simplified equation given by Blakey (1992) described how leachate 
generates in a landfill: 
L 二 P-R-AUs-ET-AUw 
where 
L = leachate generation 
P = precipitation 
R = surface runoff 
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Figure 1.7 Water balance in landfill (William, 1998). 
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A Us = change in soil moisture storage 
ET = evapotranspiration from soil and plant 
AUw= change in moisture content of refuse 
Characteristics of landfill leachate vary from place to place and from time to 
time, which depend on the biological, physical and chemical processes in the landfill. 
Leachate characteristics are determined by interaction of leachate with waste and 
environmental factors which include waste composition, depth of solid waste, age of 
fill, amount of available water and oxygen, landfill design, landfill operation and 
sampling methods (Lu et al.，1984; Qasim and Chiang, 1994). 
1.4.1 Landfill stabilization and leachate characteristics 
Change in leachate composition is basically a function of landfill stabilization 
which can be classified mainly into 4 stages according to decomposition status 
(Figure 1.8): 
1.4.1.1 Aerobic phase 
This phase is very short due to limited amount of oxygen and high oxygen 
requirement of the solid waste degradation. Large amount of heat was generated in 
this stage. Leachate generated in this stage is characterized by high concentration 
of highly soluble salts which are originally present in the waste or formed during the 
waste decomposition. Aerobic phase may be restored in the upper layer of very old 
landfills where only refractory organic compounds remain. However, it would be 
difficult to observe in the real cases (Barlaz et al., 2002). 
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Fig 1.8 Variation in characteristics of landfill leachate and landfill gas at different 
degradation stages (Phase I: Aerobic phase; II: Acetogenic phase; III: Methanogenic 
phase IV: Final aerobic phase) (Christensen and Kjeldsen, 1989). 
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1.4.1.2 Acetogenic phase 
Degradation by facultative anaerobic microorganism produces large amount of 
short chain organic acids which reduce the pH to 4-5. Increase in acidity mobilizes 
metallic ions and hence produces leachate with high ionic strength. High organic 
acid content produces leachate with high chemical oxygen demand (COD) and 
electrical conductivity (EC) due to acid dissociation. The redox potential of 
leachate reduces to below 0 mV which indicates an anaerobic condition. However, 
at this stage, production of methane is prohibited, since methanogenesis is restricted 
in acidic condition. 
1.4.1.3 Methanogenic phase 
When organic acids become the carbon source for the bacteria, pH increases. 
Methanogenic bacteria, which are obligate anaerobes and require netural pH (6.6 to 
7.3), become activated in this phase (Micales and Skog, 1997). Although acid 
formation proceeds simultaneously in this stage, the rate is much reduced. The 
methanogenic bacteria reduce the organic acids to methane, which elevate the pH to 
alkaline range and hence decrease the solubility of inorganic salts. Increase in pH 
would further enhance the methanogenic bacteria activity and accelerate the methane 
production. 
1.4.2 Leachtate characteristic and landfill age 
Table 1.1 summarizes the typical chemical range of leachate collected from 
landfill of different stages of stabilization. When the landfill age increases, there 
would be a decrease in BOD:COD and COD:TOC ratios, which indicates an increase 
in the proportion of non-biodegradable, refractory organic compounds such as humic 
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Table 1.1 Landfill leachate composition ranges as a function of different landfill 
stabilization stages (Pohland and Harper, 1986). 
Parameter Degradation stage 
Acetogenic Methanogenic Maturation 
^ 4.7 - 7.7 6.3 - 8.8 7.1 - 8.8 
Electrical conductivity 1,600 - 17,100 2,900 - 7,700 1,400 - 4,500 
(l^S cm-i) 
BOD (mg O2 L"^) 1,000- 57,000 600 - 3,400 4 - 120 
COD (mg O2 L-^) 1,500 - 71,000 580 - 9,760 31 - 900 
B0D5:C0D 0.4 0.2 - 0.4 0.2 
NHx-N(mgL-i) 2 - 1,030 6 - 4 3 0 6 - 4 3 0 
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and fulvic acids in the leachate (Qasim and Walter, 1994; Lo, 1997). 
Heavy metals such as Zn, Cu, Cd, Pb, Ni, Cr and Hg are frequently found in 
landfill leachate. These metals are either the soluble components of refuse or 
mobilized by physicochemical processes such as corrosion and complexation 
(Reinhart and Townsend, 1998). Decrease in redox potential with increased landfill 
age would favour the reduction of SO4 _ to SO3 •，SO3 _, OH" and CO3 _ can 
precipitate the heavy metals out. Therefore, metal concentration is generally lower 
in stabilized leachate (Chu et al., 1994). However, if aerobic condition is resumed 
in the landfill, there would be an increase in metal concentration in leachate, because 
the insoluble metal sulphide would be oxidized to soluble sulphate. The oxidation 
of humic acid would form complex with metals. Resumption of aerobic 
degradation would decrease pH which increases metal mobility (Martensson et a l , 
1999; Barlaz et al., 2002). 
1.5 Toxicity of landfill leachate 
Leachate from methanogenic landfill is high in NH4+, COD, salinity and low in 
soluble heavy metals. However, these chemical data alone do not provide sufficient 
information on how the environment is affected, as the toxicity to the biological 
system is the result of response towards the complex interaction of chemicals. 
Therefore, bioassay would be more suitable for assessing the toxicity of landfill 
leachate. 
The toxicity of landfill leachate has been studied extensively on many different 
kinds of organism, including duckweed (Clement and Merlin, 1995), algae (Wong et 
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al., 1990; Cheung et al., 1992) terrestrial higher plants (Wong et al., 1990; Jiang et al., 
2000; Cheng, 2005) and rat (Pastor et al., 1993). Different organisms showed 
different responses toward leachate, and leachate toxicity varied from site to site. 
Clement et al. (1996) claimed that a battery of toxicity tests involving algae, 
duckweed, rotifers and crustaceans would be more appropriate due to the presence of 
various kinds of toxicant and the effects may be species and chemical dependent. 
They found that leachate for the landfill receiving hazardous waste was the most 
toxic. Most of the studies claimed that toxicity is due to NH4+ and organic 
compound (Mcbride et al., 1979; Wong et a l , 1990; Cheung et al., 1992; Clement et 
al., 1996). Clement and Merlin (1995) further pointed out that the toxicity was 
mainly due to the unionized NH3. 
The toxicity of landfill leachate reveals the fact that it poses a potential hazard 
to the environment. Treatments are therefore required before leachate can be 
discharged. 
1.6 Leachate treatment 
Since landfill leachate generally has a higher strength than domestic sewage, 
some problems may arise if landfill leachate is co-treated in sewage treatment plant. 
High C0D:NH3 ratio makes the traditional activated sludge process not effective in 
eliminating the organic and NH3 to an acceptable level (Li and Zhao, 1999). It has 
been reported that high NH3 concentration and metal contents of leachate would 
inhibit nitrification in sewage treatment process (Li and Zhao, 1999). Therefore, 
landfill leachate would either be treated separately or pretreated in order to reduce 
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the strength before it is treated in sewage works. 
It has been suggested that separated biological treatment (Table 1.2), physical 
or chemical treatment processes (Table 1.3) cannot achieve high treatment efficiency 
throughout the life of the fill due to changing strength and variable characteristics of 
leachate over time. However, a combination of different processes would be 
effective in treatment. Robinson (1991) carried out a trial of aeration followed by 
anaerobic treatment for trickling the leachate from Pillar Point and Ma Yau Tong 
Central landfill in Hong Kong. With a retention time of 20 days, the system 
effectively removed over 99% COD and 90% ammoniacal N. Thirumurthi (1991) 
reported the leachate treatment system in Pennsylvania, US which composed of a 
physicochemical treatment which involved the addition of lime and NH3 stripping 
followed by activated sludge process. The removal efficiency for that system was 
990/0, 95% and 90% for BOD, COD and NH3 respectively. Choice for different 
combinations depends on the leachate characteristics and the effluent standard. 
1.6.1 Land disposal 
The leachate can be applied over land to utilize plants, soil matrix and natural 
processes, such as nitrification, denitrification and ammonification to attenuate 
pollutants in the leachate. Land disposal is inexpensive to establish and operate; 
sophisticated management is not required. It can be divided mainly into two 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.6.1.1 Leachate recirculation 
High strength leachate is circulated back to the landfill, so that it percolates 
through the waste mass again. Recirculation essentially uses the landfill as an 
anaerobic digestor for biodegradation. 
The landfill envelope prevents the inflow of moisture into the landfill which 
may affect the biodegradation of waste inside the landfill. Leachate recirculation 
can enhance the degradation and stabilization of the waste in the landfill, since it 
provides moisture and nutrients for the microbes in the landfill. The enhanced 
biodegradation increases landfill gas production and reduces the leachate strength to 
certain extent; volume of leachate generated is reduced. The reduced strength and 
volume of leachate decrease the cost for leachate treatment. It also accelerates 
subsidence which permits recovery of valuable landfill space (Reinhart, 1995; Chan 
et al., 2002). The biogas production was three times higher if recirculation took 
place and settling of waste was enhanced by the waste degradation (Chan et al., 
2002). The strength of recirculated leachate was also reduced. 
1.6.1.2 Leachate irrigation 
Wastewater irrigation had been in practice for a long time in human history for 
water reclamation and crop production (Paliwal et al” 1998). It has been suggested 
that leachate would also be used as an alternative irrigating source and a source of N 
(Ettala, 1988; Wong and Leung, 1989; Hasselgren, 1998). Besides, leachate 
irrigation can also be considered as an alternative treatment method (Menser et al., 
1979; Ettala, 1987; Shrive et al., 1994; Shrive and McBride, 1995). The attenuation 
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of leachate by soil-plant system consists of mainly three active parts and processes 
(Hasselgren, 1992): 
1. Soil particles: Suspended solids and dissolved components are filtered and fixed 
by adsorption, ion exchange or precipitation. 
2. Soil organisms: Organic substances in leachate are transformed and stabilized 
by soil organisms. 
3. Plants: Nutrients in leachate are utilized for plant growth. Plants increase 
infiltration capacity in soil and reduce the volume of leachate by transpiration. 
Xia et al. (1999) reported the removal efficiency for COD, alkalinity, 
ammoniacal N (NHx-N) ranged from 15.3% to 90.9% respectively when Paspalum 
notatum, Alternanthera philoxerodes and Vetivera zizanioides were irrigated with 
leachate. NHx-N was removed more efficiently; over 75% NHx-N was removed 
due to plant absorption and nitrification. More than 80% of COD and 45% of 
NHx-N was removed by leachate irrigation of Cynodon dactylon (Jiang et al., 2000). 
Removal efficiency exceeding 90% for Kjeldahl N was reported by Wong et al. 
(1990). 
The most important factors determining the success of leachate irrigation are 
vegetation survival and growth performance. Both beneficial and adverse effects of 
leachate irrigation were reported in the literature. 
Hasselgren (1998) reported that irrigation with low strength sanitary landfill 
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leachate increased the biomass production of Salix plants. The increment of 
biomass was due to the fertilization effects of N and K in leachate. Similar results 
were obtained for Salix plantation and broad leaf tree species irrigated with leachate 
in Finland and Canada respectively (Ettala, 1984; Shrive et al., 1994). Red maple 
seedlings irrigated with leachate at the rate equivalent to the evapotranspiration 
demand of plants demonstrated few undesirable effects (Gordon et al., 1989). In 
fact, there were an increase in stem diameter and foliar nutrient contents. Increase 
in foliar nutrients would enhance ecological stabilization (Menser et al., 1979). It 
implied that leachate irrigation might be used for ecological restoration by increasing 
plant growth particularly in the areas where are limited nutrients supply for plants. 
However, the beneficial effects of leachate irrigation would only occur when 
the leachate strength is low. Wong and Leung (1989) found that plant growth 
enhancement occured for 10% and 20% leachate. When leachate concentration was 
greater than 40%, plant growth was inhibited. Plant mortality was observed when 
the strength was too high (Menser et al., 1983). Decrease in N fixation activity of 
legumes was obtained as a result of high N content in leachate (Chan et al., 1999). 
Besides, irrigation with high strength leachate would decrease the photosynthetic rate. 
Shrive and Mcbride (1995) found that there was a decrease in 50% of photosynthetic 
rate in red maple saplings when irrigated with leachate. Similar results were found 
by Chan et al. (1999) that a net respiration was recorded when tree seedlings of 
Acacia confusa were irrigated with 73% leachate. Other symptoms such as less 
turgor darkened leaves, chlorotic and necrotic tissue, premature leaf senescence 
(Shrive and McBride, 1995) and leaf drop (Wong and Leung, 1989) were observed. 
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Soil also plays an important role in attenuation. There was reported that that 
Mg，Ca, Mn, Fe, K and total N were removed by soil (Winant et al., 1981). It was 
found that loamy and clay soils were more effective in removing pollutants than 
sandy soil due to their higher cation exchange capacity and larger surface area for 
microbial degradation and adsorption (LaBauve et al., 1988; Wong et al., 1990; Jiang 
et al., 2000). 
Leachate irrigation would also bring impacts to soil. Chan (1981) reported a 
soil structural breakdown after leachate irrigation due to its high ionic strength. 
This would consequently reduce soil hydraulic conductivity which leads to reduced 
infiltration and hence increases the surface runoff. There were an increase in soil 
salinity and accumulation of heavy metal in plant and soil (Wong and Leung, 1989). 
The accumulation of toxicants in soil may affect the soil microbial population (Smith 
et al., 1999). 
Contradictory results make leachate irrigation not as common as wastewater 
irrigation in the world. The effects of leachate irrigation on soil and plant should be 
further investigated. 
1.7 Landnils in Hong Kong 
There are 16 landfills in Hong Kong, of which three are operating and the 
remaining are closed between 1975 and 1996 (Figure 1.9). The three operating 
landfills are West New Territories (WENT) Landfill, South East New Territories 
(SENT) Landfill and North East New Territories (NENT) Landfill. 
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All incinerators were closed in Hong Kong because of the high operational cost 
and the rise in awareness of air quality among the publics. Since then all municipal 
solid waste collected is disposed of in 3 operating landfills. They received 17,500 
ton waste in 2004, which consists mainly of construction wastes and domestic wastes 
(Table 1.4). With reference to the increasing trend of waste generation rate, it was 
expected that the three operating strategic landfills will be full within 6 - 1 0 years 
(EPD, 2005b). 
Closed landfills are usually reclaimed. Former landfill sites can be developed 
into parks, recreation areas, golf course, nature preserve, botanic gardens or even 
crop production (Tchobanoglous et al., 1993). Table 1.5 shows the uses or tentative 
uses of closed landfills in Hong Kong. Since landfill leachate and gas are 
continuous to generate in closed landfills for a long period of time, environmental 
monitoring and treatment of landfill leachate and gas need to be done for a period of 
time. 
1.7.1 Landfill leachate generation in Hong Kong 
Hong Kong (22.3° N，114.2° E) is located at the southern coast of China, 
where is the subtropical region with a warm humid climate. It has an average 
annual temperature of 23 °C and rainfall of about 2200 mm (HKO, 2005). The 
decomposition phases of solid waste in Hong Kong landfills are not clearly defined 
(Lo, 1996). The aerobic and acetogenic phases are completed within a year. Chen 
et al. (1997) reported that the methanogenic stage in NENT Landfill was achieved 
for only 8 months after operation began. Early establishment of methanogenic 
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Table 1.4 Quantities (ton per day) of different types of waste received by landfills in 
Hong Kong in 2004 (EPD, 2005a) 
Waste types 
Construction and Demolition Waste 6,590 
Domestic Waste 7,010 
Commercial and Industrial Waste 2,270 
Others 1,620 
Total 17,500" 
Table 1.5 Proposed/tentative afteruse of closed landfills (EPD, 2005d). 
Landfill site Area Waste Closure Proposed/ Tentative uses 
(ha) received year 
(MT) 
Jordan Valley 11 1.5 1990 Ecological Park, model car circuit, 
education centre and natural turf pitch 
for gateball 
Ma Yau Tong 1 1 1 1986 Currently as green zone 
Central 
Ma Yau Tong 6 0.6 1981 Currently as green zone 
West 
Sai Tso Wan 9 1.6 1981 Recreation Ground for soccer and 
baseball 
Ngau Chi Wan 8 0.7 1977 Rest garden 
Siu Lang Shui 12 1.2 1983 Currently as green zone 
Ma Tso Lung 2 0.2 1979 Youth camp site 
Ngau Tarn Mei 2 0.15 1975 Currently as green zone 
Gin Drinkers Bay 29 3.5 1979 Currently as green zone 
Tseung Kwan O 68 15.2 1995 Multi-purpose grass pitches, model car 
Stage I racing tracks 
Tseung Kwan O 42 12.6 1994 Currently as green zone 
Stage II/III 
Shuen Wan 50 15 1995 145 bay golf court 
Pillar Point Valley 38 13 1996 Currently as green zone 
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phase may be facilitated by the hot humid climate in Hong Kong and large amount of 
readily degradable organic waste in refuse (Lo, 1996). Large amount of leachate is 
generated from landfill as there is high amount of rainfall in Hong Kong. Landfill 
leachate is preliminary treated on-site (Plate 1.1), mainly by either NH3 stripping or 
aeration, and then co-treated in sewage treatment works nearby. 
1.8 Selection of sampling sites 
Toxicity of a substance is conventionally reported as the median lethal 
concentration (LC50) or median effective concentration (EC50) within a particular 
period of time. LC50 represents the concentration that is lethal to 50% of the 
organism, while EC50 is the concentration for 50% of the organism to show a 
particular effect towards a toxicant. A more toxic substance gives a lower EC50 or 
LC50. 
Leachate collected from young, operating landfills would be more toxic than 
those collected from old closed landfills because the pollutants were continuously 
washed out without replenishment in closed landfill. According to Cheng and 
Chu's (2006) study, leachate generated from the WENT Landfill was the most toxic 
among the landfill sites studied (Table 1.6). To be more conservative, a more potent 
leachate is selected in this study. Therefore, the leachate from the WENT Landfill 
is selected. 
The WENT Landfill is located at Nim Wan, Tuen Mun, Hong Kong with total 




hh j S Iw i 
(b) 
Plate 1.1 Leachate treatment plants in Hong Kong: (a) aeration tank; (b) ammonia 
stripping tank (EPD 2005e). 
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Table 1.6 Phytotoxicity data based on the median effective concentration (EC50) 
using germination/root elongation tests of Lolium perenne and Brassica chinensis 
among 5 landfills in Hong Kong. Ma Yau Tong Central (MYTC), Pillar Point Valley 
(PPV) and Tseung Kwan O (TKO) are closed landfill, while SENT and WENT are 
operating landfills (Cheng and Chu, 2006). 
Leachate EC50 (% v/v) 
sample 
Lolium perenne Brassica chinensis 
MYTC 732 
PPV 18.5 19 
TKO 9.19 8.91 
SENT 17.5 19.8 
WENT 4.29 4.32 
31 
翔 
Plate 1.2 An aerial view of WENT Landfill (EPD, 2005f). 
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120 m, which amounts to 61 million ton of municipal and construction wastes. In 
2004, it received daily 6464 ton of waste from Hong Kong Island, western Kowlon, 
north-western New Territories, Lantau Island and other remote islands in Hong Kong. 
It is expected to be closed in 2018 with aftercare of 30 years (EPD, 2005f). 
1.9 Knowledge gaps 
There have been extensive studies on landfill leachate irrigation, which show 
contradictory results (Section 1.6.1.2). It is suggested that the success of landfill 
leachate irrigation depends mainly on appropriate dilution of leachate, with reference 
to leachate characteristics, and the correct selection of plant species (Menser et al., 
1979; Ettala, 1987). There were a number of studies on the phytotoxicity of landfill 
leachate of different strength. However, the knowledge on selecting suitable 
species, particular the tree species commonly found in Hong Kong, seems to be 
lacking. 
Besides, most of the studies stressed on the retardation of plant growth are due 
to phytotoxic effects of leachate. They seemed to overlook the nutrient imbalance 
to plants caused by low P content in leachate. P deficiency may hinder plant 
growth, as P is one of the macronutrient for plants. There are no data on how the 
addition of P could affect the results of leachate irrigation. 
Soil was an integral part of the ecosystem where numerous important processes 
take place. These processes determine the nutrient cycle and hence the health of 
ecosystem. However, in the past, impacts on soil were mainly investigated 
chemically, but not biologically. The impacts of leachate irrigation on soil health 
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were rarely investigated. Soil enzymes mediate and catalyze many important soil 
functions (Dick, 1997). Soil enzymes and processes can be used as a simple, quick 
assessment of soil quality (Gianfreda et al., 2005). They have been used to assess 
the impacts of certain contaminations on soil, such as heavy metals (Hinojosa et al., 
2004), mineral oil (Margesin et al., 2000), salination (Garcia and Hernandez, 1996; 
Cookson, 1999) and wastewater irrigation (Filip et al., 2000). Damage of biological 
activities and processes in soil may impair the sustainability of an ecosystem which 
in turn reduces the applicability of leachate irrigation. 
1.10 Aims of thesis 
To fill these gaps, this thesis is aimed: (1) to find out the most suitable tree 
species that are commonly found in Hong Kong for leachate irrigation; (2) to 
investigate the effects of P amendment on leachate irrigation; (3) to determine the 
physicochemical effects of leachate irrigation on plant, soil and soil percolate; (4) to 
assess the impacts of leachate irrigation on the major microbial processes. 
1.11 Project outlines 
Plant screening experiment was conducted to sort out the most suitable tree 
species for leachate irrigation (Chapter 2). Effects of P on leachate irrigation were 
investigated by amending the soil with different amounts of P (Chapter 3). A soil 
column experiment was carried out to investigate the cumulative impacts of leachate 
irrigation on plant, soil and with emphasis on physicochemical properties and major 
microbial processes in soil (Chapter 4). 
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Chapter 2 Species selection for leachate irrigation 
2.1 Introduction 
Nitrogen is an important plant nutrient, but is always limiting in the natural 
environment. In addition, drought, especially at water deficit areas, is considered to 
be one of the most important constraints that limits the productivity and even 
threaten the survival of plants in severe case. It has been suggested the use of 
landfill leachate as irrigation water in dry seasons would enhance the growth and 
survival of plants by reducing water stress (Liang et al, 1999). Therefore, landfill 
leachate irrigation could enhance plant growth by providing both N and water source. 
Plant species selection is critical in leachate irrigation since different plants 
respond differently to leachate irrigation (Menser et al., 1979; Ettala, 1987). Higher 
yield was obtained for Brassica chinensis and Brassica parachinensis, but lower 
yield was found in Acacia confusa under leachate irrigation (Wong and Leung, 1989). 
In another study, tolerance to leachate irrigation was found to be higher in case of A. 
confusa and Leucaena leucocephala than that of Cinnamomun parthenoxylon and 
Lopherstemon confertus (Chan et al., 1999). Xia et al. (1999) found that Vetizeria 
zizaniodes had the highest tolerance, but Eichhornia crassipes was the worst among 
the four plant species studied. All these results demonstrated that selection of 
suitable plants species would be essential for the success of leachate irrigation. 
The primary advantage of tree over herbaceous species in wastewater recycling 
is that they are able to transpire more water and require more nutrients, for instance 
N. Therefore, they are able to remediate larger volume of leachate and recover 
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more nutrients to prevent groundwater contamination. In addition, trees have a 
better aesthetic effect than grasses. Therefore, trees were the candidate species to 
be screened in this study. 
Leachate irrigation would increase soil salinity. Hernandez et al. (1998) found 
that leachate irrigation caused soil salination and decrease in plant productivity if the 
plants were irrigated with a more saline leachate. Leachate irrigation increased soil 
Cr concentration which had negative impacts on the growth and development of 
Salix viminalis (Stephens et al., 2000). High soil CI" content would interfere with 
the uptake of NO3" and cause nutritional disorder (Cerda and Martinez, 1988). High 
salt concentration suppressed growth and induced leaf injury (Feigin et al., 1991). 
Different plants have different salinity tolerant range and hence different response to 
soil salination (Figure 2.1). As a result, salinity tolerant plants would probably give 
a better performance for leachate irrigation. This study aimed to select the leachate 
tolerant species among the commonly planted tree species in Hong Kong. The 
primary consideration for choosing the candidate tree species would be their salinity 
resistance. 
2.2 Materials and Methods 
Nineteen tree species commonly found in Hong Kong, including native and 
exotics, N-fixing and non-N-fixing, were selected because of their salinity resistance 
reported in the literature (Urban Services Department, 1972; Jim, 1990 and 2000) 
and their availability in local nurseries. Species used in this experiment are listed in 
Table 2.1. Leachate was diluted to 5% (v/v) by tap water. The tree seedlings were 
irrigated with either diluted leachate or tap water. 
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Figure 2.1 Crop productivity of different salinity tolerant crops toward different soil 
salinity (Feigin et al., 1991). 
Table 2.1 Plant species used in the screening experiment. 
N-fixing Non-N-fixing 
Acacia auriculiformis Cinnamomum camphora * 
Acacia confusa Eucalyptus citriodora 
Acacia magium Eucalyptus robusta 
Alhizia lebbeck Eucalyptus torelliana 
Casuarina equisetifolia Ficus microcarpa * 
Delonix regia Hibiscus tiliaceus * 
Liquidambar formosana * 




Sapium discolor * 
Sapium sebiferum * 
*: Native species 
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2.2.1 Leachate collection 
To be more conservative, the most toxic leachate was selected to screen out the 
leachate tolerant trees. Leachate collected from the WENT Landfill was the most 
toxic according to toxicity test results using the germination data of Lolium perenne 
and B. chinensis (Cheng and Chu, 2006). 
Leachate samples were collected from the inflow pipe of leachate treatment 
plant at the WENT landfill in September 2004 and was kept in 10 L air-tight PVC 
carboys (Plate 2.1). Leachate samples were stored at 4°C until they were used for 
analysis and irrigation. 
2.2.2 Chemical analysis of leachate 
Leachate sample was determined for pH and electrical conductivity (EC) by a 
pH and Electrical Conductivity Meter (Jenway 4330 Essex, England). Chemical 
oxygen demand (COD) was measured by close reflux colorimetry described by the 
Standard Method #5200D (APHA, 1995). Total organic carbon (TOC) was 
measured by the IR-combustion method using a TOC Analyzer (Shimadzu 
TOC5000A, Kyoto, Japan). Total Kjeldahl nitrogen (TKN) and total phosphorus 
(TP) were determined by a SAN""^ Segmented Flow Analyzer (Skalar, Breda, The 
Netherlands), after semi-micro-Kjeldahl digestion using concentrated H2SO4 and Cu 
as catalyst (modified from Skalar, 1995a). 
The samples were filtered through a 0.45 jim Millipore membrane filter before 
analysis for soluble contents. Ammoniacal N (NHx-N), oxidized N (NOx-N), 
ortho-phosphate P (PO4-P) and CI" were determined by a SAN外analyzer. 
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M g f j i n 
Plate 2.1 Leachate sampling at the inflow pipe of the leachate treatment plant at the 
WENT Landfill. 
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Dissolved metals, included Na, K, Ca, Mg, Cd, Cr, Fe, Ni, Pb and Zn were 
analyzed by an inductively coupled plasma atomic emission spectrophotometer 
(ICP-AES) (Perkin Elmer 4300DV ICP-OES, Norwalk, USA). 
2.2.3 Greenhouse pot experiment 
Tree seedlings with height of 25-30 cm were transplanted to pots of 19 cm i.d. 
and depth of 18 cm. Sandy soil was collected from the campus of The Chinese 
University of Hong Kong (CUHK), which was sieved to remove particle with size 
greater than 5 mm before use. The soil properties are summarized in Table 2.2. 
The experiment was started in September 2005 after seedling acclimation 
in the greenhouse environment for 2 week. Seven mm of 5% (v/v) diluted leachate 
or tap water was applied to each pot once every two days. The volume of irrigation 
was equivalent to average rainfall recorded by the Hong Kong Observatory over the 
past 5 years (1999-2003) (HKO, 2004). Each treatment had 5 replicates which were 
arranged in completely randomized block (Plate 2.2). Excessive water was drained 
at the bottom of the pot. 
Growth parameters, including tree height, basal diameter and standing leaf 
number, were measured on Day 0, 30, 60 and 90. Chlorophyll fluorescence was 
measured on Day 0 and 90 by a Plant Efficiency Analyzer (PEA) (Hansatech, 
England). Visible symptoms, such as chlorosis, browning of leaf edge and tugor 
loss was observed during the course of irrigation. All the plants were harvested on 
Day 90. 
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Table 2.2 Properties of soil (Mean 土 SD) used for the plant screening experiment. 
Parameter 
^ 6.86 ±0.04 
Conductivity (|liS c m ] ) 133 土 4.50 
Extractable NHx-N (mg kg^) 22.8 土 2.35 
Extractable NOx-N (mg kg^) <5.00 
Total N (mg kg^) 53.6 ±2.22 
Extractable CI" (mg kg^) 35.7 土 6.91 
Total P (mg kg-i) 12.1 ±2.35 
Available P (mg kg-i) <5.00 
Organic C (%) < 0.20 
Texture 
Sand (%) 74.4% 
Silt (%) 15.5% 
Clay (%) 10.5% 
Texture class Sandy loam 
4 1 
— ^ — ^ ^ ^ — — - —— . . 
_ 
Plate 2.2 Tree seedlings of the 19 species in 19-cm pot arranged in completely 
randomized blocks in a greenhouse. 
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2.2.4 Plant harvesting and post-harvest analysis 
Harvested plants, which were divided into root, stem and foliage, were washed 
with tap water twice followed by deionized water two times. Plant tissues were 
oven-dried at 65°C to constant weight. Foliage tissue was milled for the 
determination of foliar N and P contents. Root nodules of the N-fixing trees were 
separated from the main roots. The number of nodules was counted and their 
biomass was measured. 
2.2.4.1 Foliar N and P 
Foliar N and P were determined by SAN""! Segmented Flow Auto-analyzer 
(SAN户〜after semi-micro-Kjeldal digestion using concentrated H2SO4 and Cu as 
catalysts (modified from Skalar, 1995b). 
2.2.5 Statistical analysis 
The differences in plant growth parameters, biomass, chlorophyll fluorescence 
and tissue nutrient contents in plant tissues between treatments were determined by 
t-test using Statistical Package for Social Science (SPSS) version 12. 
2.3 Results and Discussion 
2.3.1 Leachate composition 
Table 2.3 lists the chemical properties of leachate sample used in this 
experiment. It had an alkaline pH and high contents of TOC, COD and NHx-N. 
These characteristics indicated that the WENT Landfill was in the methanogenic 
stage (Christensen and Kjeldsen, 1989). High COD content reflected the high 
content of organic compounds which were mainly free volatile fatty acids, such as 
4 3 





Chemical oxygen demand (COD) 5800 ± 312 
Total organic carbon (TOC) 2190 ± 12.6 
Total Kjeldahl nitrogen (TKN) 3040 士 5.07 
Ammoniacal nitrogen (NHx-N) 2680 士 54.7 
Oxidized nitrogen (NOx-N) <1.00 
Total phosphorus (TP-P) 74.0 士 2.46 
Orthophosphate phosphorus (PO4-P) 7.85 ± 0.07 
Chloride (Cl") 3460 士 385 
Soluble metals 
Na 2360 ± 1 1 . 0 
K 1600 ± 8 . 2 4 
Ca 13.8 ± 0 . 1 6 
Mg 87.3 ± 0.70 
Cd 0.07 士 0.01 
Cr 0.35 ± 0.02 
Fe 15.5 ±0 .11 
Ni 0.01 士 0.13 
Pb 0.03 ± 0.20 
Zn 0.88 士 0.04 
All the units are in mg L � e x c e p t pH (no unit) and conductivity (mS cm"^). 
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acetic acid (Wong et al., 1990). The high EC reflected the high concentration of 
salts which may induce osmotic stress to plants. Besides, P, NOx-N and heavy 
metal contents were low which indicates the alkaline, anaerobic properties of the 
landfill body (Chu et al., 1994). 
2.3.2 Plant growth performance 
Plant survival and growth would be the primary factor determining the success 
for the leachate irrigation. During the study, no mortality of seedling was recorded 
for the seedlings irrigated by water or leachate. In general, leachate-irrigated 
seedlings showed a faster growth rate as a result of surplus supply of nutrients, 
especially N (Figure 2.2). However, the difference in growth rate was smaller for 
the N-fixing species, except C. equisetifolia. The growth rate of Eucalyptus spp. 
was stimulated the most by leacahte irrigation. A. lebbeck and D. regia were the 
N- f ix ing species which showed a slow growth rate for both water and 
leachate-irrigated seedlings. C. camphora, L. formonosana, L. glutinosa, M. 
azedarach and S. sebiferum, which are non-N-fixing, also showed a slow growth rate. 
The growth rate of these species was not stimulated much by leachate irrigation (< 
20% increase for the leachate-irrigated seedlings). All species showed an increase 
in tree height and basal diameter after leachate irrigation (Tables 2.4 and 2.5). 
Leachate-irrigated seedlings showed a higher tree height increment (from 1.3 times 
to over 24 times) for all species. However, basal diameter increment was not 
stimulated as much as tree height by leachate irrigation (maximum of 6 times more 
increase than water-irrigated seedlings in case of M. azedarach). In fact, A. confusa, 
A. mangium and F. microcarpa did not show a higher increment in basal diameter 
when the leachate-irrigated seedlings were compared with water-irrigated ones. 
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Figure 2.2 Percentage increase in tree height during 90-day irrigation with water (•) 
and leachate (•). Error bars represent standard deviation of 5 replicates. 
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Figure 2.2 (cont'd.) Percentage increase in tree height during 90-day irrigation with 
water (•) and leachate (•). Error bars represent standard deviation of 5 replicates. 
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Figure 2.2 (cont'd.) Percentage increase in tree height during 90-day irrigation with 
water (•) and leachate (•). Error bars represent standard deviation of 5 replicates. 
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Table 2.4 Percentage increase in tree height after 90-day irrigation with water or 
leachate. 
Species Water Leachate t-test 
Acacia auriculiformis 29.7 土 12.4 45.3 士 16.3 NS 
Acacia confusa 35.2 ±32 .8 65.9 ± 2 5 . 2 NS 
Acacia mangium 20.5 ± 5.66 30.7 士 14.1 NS 
Albizia lebheck 6.25 ± 7.68 11.5 ± 11.2 NS 
Casuarina equisetifolia 20.4 ±13.0 54.2 士 9.79 ** 
Cinnamomum camphora 10.5 ± 8.65 19.6 士 17.6 NS 
Delonix regia 4.43 ± 14.8 11.4 ± 1 7 . 4 NS 
Eucalyptus citriodora 3.11 ±6 .98 75.2 ± 4 2 . 1 * 
Eucalyptus robusta 3.95 ± 1.93 40.2 ± 1 0 . 7 ** 
Eucalyptus torelliana 18.1 士 12.7 74.9 士 14.8 *** 
Ficus microcarpa 5.45 ±5 .59 22.0 士 18.2 NS 
Hibiscus tiliaceus 1.99 ±2.08 30.8 ± 2 1 . 9 ** 
Liquidambar formosana 6.36 士 6.24 8.36 士 4.22 NS 
Litsea glutinosa 3.48 ±6.43 7.26 士 1.62 NS 
Macaranga tanarius 9.10±2.77 21.7士 11.0 ** 
Melaleuca quinquenervia 13.6 ± 10.4 45.4 士 18.9 * 
Melia azedarach 0.64 士 2.67 4.95 士 4.64 NS 
Sapium discolor 4.68 士 2.60 54.4 士 19.0 ** 
Sapium sebiferum 3.88 ±3.80 9.01 士 3.58 NS 
NS: Not significant (p > 0.05) 
*: p < 0 . 0 5 
**: p < 0 . 0 1 
* * * : p < 0.001 
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Table 2.5 Percentage increase in basal diameter 90-day irrigation with water or 
leachate. 
Species Water Leachate t-test 
Acacia auriculiformis 71.8 ± 13.1 76.7 ±29 .3 NS 
Acacia confusa 65.5 士 24.8 54.7 士 17.8 NS 
Acacia mangium 34.0 士 20.6 32.7 士 19.2 NS 
Albizia lebbeck 23.2 士 12.8 36.2 士 19.3 NS 
Casuarina equisetifolia 51.4 土 35.6 65.4 士 28.2 NS 
Cinnamomum camphora 7.03 ± 10.6 30.4 ±16 .8 NS 
Delonix regia 27.0 ± 12.6 58.4 士 33.4 NS 
Eucalyptus citriodora 23.0 士 12.2 52.7 士 18.6 * 
Eucalyptus robusta 41.7 士 22.4 78.4 士 33.4 * 
Eucalyptus torelliana 28.2 士 9.44 44.3 ±9.18 * 
Ficus microcarpa 9.05 ± 31.0 4.32 士 5.76 NS 
Hibiscus tiliaceus 14.4 士 10.4 49.5 士 8.65 *** 
Liquidambarformosana 5.90 士 17.9 19.6 ±13 .8 NS 
Litsea glutinosa 11.0 ± 6.80 28.5 士 12.4 * 
Macaranga tanarius 19.3 ± 10.2 21.0 ±8 .30 NS 
Melaleuca quinquenervia 44.6 ± 15.9 79.7 ± 33.9 NS 
Melia azedarach 9.07 士 12.9 47.6 士 17.8 ** 
Sapium discolor 16.7 士 6.00 59.0 士 20.4 ** 
Sapium sebiferum 14.3 ± 9.60 17.6 士 3.32 NS 
NS: Not significant (p > 0.05) 
* : p < 0 . 0 5 
* * : p < 0 . 0 1 
***: p < 0.001 
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Surplus supply of N to plants by leachate irrigation was attributed to tree height 
increment so that that the plants can obtain more sunlight. However, tall plants with 
thin stem would break easily. 
Plate 2.3 shows the appearance of two non-N-fixing species, H. tiliaceus and E. 
citriodora just before harvest. Plate 2.4 shows the appearance of two N-fixing 
species, A. confusa and A. auriculiformis, just before harvest. When comparing the 
growth response of non-N-fixing species with N-fixing species to leachate irrigation, 
N-fixing species were generally less responsive to leachate irrigation. N-fixing 
species showed about 1 to 2 times more increment than that of the water-irrigated 
seedlings, in term of tree height. In field where N was limiting, N-fixing species 
grow much better. However, they were not superior to non-N-fixing species when 
N was not limiting. 
It was reported that irrigation with concentrated leachate would induce leaf 
drop (Wong and Leung, 1989; Chan et al., 1999), loss in leaf turgor, development of 
necrotic and chlorotic tissue, and noticeable darker in colour (Shrive and Mcbride, 
1995). Except darker leaf colour, no other symptoms were observed for 
leachate-irrigated seedlings in this experiment. The darkening of leaf colour was 
due to abundant supply of N (Rice et al., 1995). Stephen et al. (2000) also observed 
a darker leaf colour under CI" stress which may also be induced by irrigating leachate 
with high Cr content. Leachate-irrigated plants usually showed a denser canopy as 
a result of more leaves as indicated by the standing leaf number increment (Table 
2.6). A. lebbeck’ D. regia, L. formosana, M. azedarach, S. discolor and S. 
sebiferum are deciduous trees, so it was not surprising that there was a reduction in 
51 
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Plate 2.3 The appearance of (a) Eucalyptus citriodora and (b) Hibiscus tiliaceus after 
90-day water irrigation (left) and leachate irrigation (right). The leachate-irrigated 




Plate 2.4 The appearance of (a) Acacia confusa and (b) Acacia auriculiformis after 
90-day water irrigation (left) and leachate irrigation (right). There was no obvious 
difference in appearance in the water and leachate-irrigated plants. 
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Table 2.6 Percentage increase in standing leaf number after 90-day irrigation with 
water and leachate. 
Species Water Leachate t-test 
Acacia auriculiformis 58.9 ± 15.3 85.2 ± 50.9 NS 
Acacia confusa 74.2 ±79.9 58.0 ± 5 6 . 7 NS 
Acacia mangium 62.8 ± 46.0 66.1 ± 35.2 NS 
Albizia lebbeck 0.44 士 39.0 -4.98 士 20.2 NS 
Casuarina equisetifolia ND ND 
Cinnamomum camphor a 55.3 ± 41.4 197 ± 117 * 
Delonix regia -49.9 ±21.4 46.1 ± 60.4 * 
Eucalyptus citriodora 6.85 ± 11.9 253 士 200 * 
Eucalyptus robusta 8.68 士 8.81 232 士 99.7 * 
Eucalyptus torelliana 32.0 ±49.8 115 士 51.4 NS 
Ficus microcarpa 2.63 ± 34.0 65.3 士 29.7 NS 
Hibiscus tiliaceus -34.6 ± 11.6 155 土 46.6 ** 
Liquidambar formosana -31.0 ± 13.4 35.6 ± 138 NS 
Litsea glutinosa -7.96 土 13.4 10.3 ±16 .1 NS 
Macaranga tanarius 42.7 土 16.7 320 ± 246 ** 
Melaleuca quinquenervia 38.7 土 40.6 518 ± 1 0 3 *** 
Melia azedarach -51.0±：14.4 24.9士 23.1 *** 
Sapium discolor -74.4 ±31.3 2.70 ± 2.70 * 
Sapium sehiferum -28.8 ± 9.40 -23.8 ± 32.7 NS 
NS: Not significant (p > 0.05) 
*: p < 0 . 0 5 
**: p < 0 . 0 1 
* * * : p < 0.001 
ND: Not determined 
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leaf number for those species during the latter part of experimental period when 
winter approached. 
Leachate irrigation seems to reduce leaf fall of deciduous species. A 
reduction of leaf number was also found in water-irrigated seedlings of H. tiliaceus. 
This is probably the result of nutrient deficiency for the water-irrigated seedlings. 
Similarly, effect of leachate irrigation on the standing leaf number in N-fixing 
species was not obvious as in non-N-fixing tree seedlings. 
2.3.3 Biomass production 
Figure 2.3 presents the plant biomass harvested on Day 90. Leachate 
irrigation significantly increased the productivity of most of the non-N-fixing tree 
species except, F. microcarpa, L. formosana, L. glutinosa and S. sebifrum. 
The productivity of all N-fixing species, except C. equisetifolia, was not 
promoted by leachate irrigation. This indicates that the fertilizer effects of leachate 
were offset by the N-fixing capacity of the species, which implied that the effect was 
basically due to the high N contents in the leachate. 
Increase in productivity in tree species by leachate irrigation has an economic 
value. It provides more hardwood for economic uses. Hasselgren (1998) 
suggested to irrigate Salix plant with leachate to increase productivity for fuel. The 
biomass sold can compensate part of the leachate treatment cost. 
2.3.4 Chlorophyll fluorescence 
































































































































































































































































































































drive photosynthesis is dissipated as heat and fluorescence. Hence, photosynthetic 
efficiency decreases with increasing energy dissipated as fluorescence. The ratio of 
the variable fluorescence (maximum fluorescence minus fluorescence at actinic light) 
to maximum fluorescence (Fv/Fm) is usually measured to assess the efficiency of 
photosystem II and its performance under stress (Krause and Weis, 1991; Maxwell 
and Johnson, 2000). Most of the species did not show a significant difference (p > 
0.05) in Fv/Fm (Table 2.7). This indicates that there was no difference in the effect 
on photosynthetic efficiency between the water and leachate-irrigated seedlings. A 
significantly (p < 0.05) higher Fv/Fm was even observed for leachate-irrigated 
seedlings of F. microcarpa and M. azedarach. However, Fv/Fm was significantly 
(p < 0.05) lower in leachate-irrigated seedlings in the case of S. sebiferum. This 
implies that S. sebiferum was suffering from stresses, instead of gaining benefits, as a 
result of leachate irrigation. In fact, S. sebiferum did not perform well in other 
growth parameters as well. 
The growth parameters indicated that 5% leachate had no observable impacts 
on plant growth except S. sebiferum. This dilution was sufficient to decrease the 
toxicants to sub-toxic level. Instead, a better growth performance implies that this 
dilution actually provided beneficial effects. Although the N-fixing species seemed 
to be less responsive, it is suggested that N-fixing species was more tolerant to 
leachate than non-N-fixing species (Chan et al., 1999). In their experiment, 
Cinnamomun parthenoxylon and Lophostemon confertus began to die at greater 
dilutions of leachate than Acacia confusa and Leucaena leucocephala. 
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Table 2.7 Chlorophyll f luorescence (Fy/Fm) of different species at Day 90. 
Species Water Leachate t-test 
Acacia auriculiformis 0.75 ± 0.04 0.76 ± 0.05 NS 
Acacia confusa 0.81 ±0 .02 0.76 ±0 .08 NS 
Acacia mangium 0.83 士 0.00 0.78 士 0.06 NS 
Albizia lebbeck 0.81 士 0.04 0.82 士 0.02 NS 
Casuarina equisetifolia ND ND 
Cinnamomum camphora 0.81 ±0 .02 0.82 ±0 .01 NS 
Delonix regia ND ND 
Eucalyptus citriodora 0.81 士 0.04 0.83 士 0.01 NS 
Eucalyptus robusta 0.82士 0.02 0.80 ±0 .03 NS 
Eucalyptus torelliana 0.81 士 0.01 0.76 士 0.07 NS 
Ficus microcarpa 0.79士 0.05 0.83 ±0.01 * 
Hibiscus tiliaceus 0 .80±0.02 0.82 士 0.02 NS 
Liquidambarformosana 0.77± 0.05 0.70 ±0 .11 NS 
Litsea glutinosa 0 .68±0.17 0.66 士 0.15 NS 
Macaranga tanarius 0 .75±0.08 0.74 ±0 .14 NS 
Melaleuca leucadendra 0.82士 0.01 0.80 ±0 .08 NS 
Melia azedarach 0.70士 0.01 0.82 士 0.01 * 
Sapium discolor 0.76± 0.07 0.80 ±0 .01 NS 
Sapium sebiferum 0.82±0.04 0.68 士 0.12 * 
NS: Not significant (p > 0.05) 
* : p < 0 . 0 5 
ND: Not determined. 
5 7 
2.3.5 Tissue nutrient contents 
Analyzing the tissue nutrient contents gives a better understanding of how the 
growth of plants is affected by leachate irrigation. It provides information on 
whether a nutrient deficiency or imbalance exists or not (Smith and Longeragan, 
1997). The best part of plant to be sampled depends upon the nutrients. The 
youngest fully expended leaf has been used successfully for the analysis of many 
nutrients in various plant species (Smith and Longeragan, 1997). 
The leachate collected for this study was high in N content and low in P and 
metal content. It is suggested the major factors affecting plant growth under 
leachate irrigation would be the high N content especially NHx-N (Wong and Leung, 
1989). The low P content may limit plant productivity (Ettala, 1987; Hasselgren, 
1998). It is also suggested the low metal content in the leachate would not affect 
plant growth (Menser et al., 1983; Ettala, 1987; Cheng and Chu，2006). 
2.3.5.1 Foliar N 
Figure 2.4 presents the foliar N content of the seedlings at harvest. There was 
a significant (p < 0.05) increase in foliar N content when the seedlings were irrigated 
with leachate except for A. mangium and A. lebbeck. Increase in foliar N content 
was commonly obtained (Menser et al., 1983; Gordon et al., 1989), which is due to 
the increase in the supply of available NH4+ and NO3' through nitrification. When 
comparing the foliar N content of the N-fixing with the non-N-fixing species in the 
water irrigation treatment, a generally higher foliar N content was observed for the 
N-fixing species except C. equisetifolia. The foliar N content of N-fixing plants 





































































































































































































































































































would utilize the readily available N source for their growth. In fact, addition of 
mineral N would decrease the N-fixing capacity of the N-fixing species (Havelka et 
al., 1982; Reddell, 1993). 
2.3.5.2 Foliar P 
There was no significant difference (p > 0.05) in the foliar P content between 
water- and leachate-irrigated plants in most of the species (Figure 2.5). In fact, 
leachate provided limited amount of P to the plants, which is also an essential plant 
nutrient. For E. citriodora, the foliar P content for water-irrigated seedlings were 
even significantly (p < 0.05) higher than that of the leachate-irrigated plant. This is 
probably due to the growth dilution effects under leachate irrigation. Increase in N 
supply stimulated the plant biomass production and when there was no 
corresponding increase in P supply, the concentration of P in the foliar tissue would 
be diluted. Besides, an enhanced shoot:root ratio in response to elevated N input 
was suggested to reduce foliar P content (Fliickiger and Braun, 1998; Corbin et al., 
2003). 
2.3.6 Effects on N fixation 
Tables 2.8 and 2.9 present the differences in the nodule number and biomass for 
the N-fixing tree species after 90-day irrigation. Root nodules were found in the 
N-fixing species for both water and leachate-irrigated seedlings except D. regia and 
C. equisetifolia. The presence of root nodule indicates the infection by N-fixing 
microbes. The absence of specific Rhizobium sp. and Frankia sp. for infection of D. 
regia and C. equisetifolia respectively in the soil or the ineffective infection of the 









































































































































































































































































































































































































Table 2.8 Root nodule number obtained for then N-fixing species after 90-day 
rrigation of water and leachate. 
Species Nodule number 
Water Leachate t-test 
Acacia auriculiformis 166 士 72.3 112 ± 9 5 . 0 NS 
Acacia confusa 21 .2±12 .4 31.8± 18.5 NS 
Acacia mangium 115 ± 36.1 71.0 士 16.7 * 
Albizia lebbeck 50.4± 19.2 3 7 . 4 ± 2 1 . 3 NS 
NS: Not significant (p > 0.05) 
* : p < 0 . 0 5 
Table 2.9 Root nodule biomass obtained for the N-fixing species after 90 day-
irrigation of water and leachate. 
Species Nodule biomass (g) 
Water Leachate t-test 
Acacia auriculiformis 0.38 ±0.24 0.22 ±0 .22 NS 
Acacia confusa 0.34 ±0.25 0.14 ±0 .04 NS 
Acacia mangium 0.52 士 0.27 0.30 士 0.24 NS 
Albizia lebbeck 0.21 ±0.11 0.13 ±0.06 NS 
NS: Not significant (p > 0.05) 
* : p < 0 . 0 5 
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Changes in nodule number and biomass give some ideas on the impact of 
leachate irrigation on N fixation. There was no significant difference (p > 0.05) in 
nodule number and biomass between water- and leachate-irrigated seedlings except 
in the case of the nodule number for A. mangium. However, there was a potential 
impact of leachate irrigation on nodule formation, as there was a decrease in nodule 
number and biomass for all leachate-irrigated trees. 
Although this experiment gave no clues on how the nitrogenase activity was 
affected by leachate irrigation, it had been demonstrated that the activity would be 
retarded after leachate irrigation. No nitrogenase activity, as measured by acetylene 
reduction assay, was obtained when Leucaena leucocephala and A. confusa seedlings 
were irrigated with leachate at concentration greater than 1.14% and 18% 
respectively (Chan et al., 1998). 
The appearance of root nodule on the harvest day is presented in Plate 2.5. 
Healthy and active N-fixing nodules should be pink in colour, but nodules of the 
leachate-irrigated plants were dark in colour. This indicates that the functions of the 
root nodules were impaired by leachate irrigation. Impairment of N-fixing ability 
would make the seedlings more susceptible to leachate toxicity, since they tended to 
accumulate more NH3 from leachate (Chan et al., 1999). 
2.3.7 Factors affecting N-fixation under leachate irrigation 
There were a number of factors affecting N fixation, including allocation of 
photosynthate, temperature, light intensity, availability of organic carbon and mineral 




Plate 2.5 Root nodules (within red box) of Acacia confusa after 90-day irrigation of 
(a) water and (b) leachate. The root nodules of water-irrigated plant were pink in 
colour, where the leachate-irrigated ones were in black, which indicates their 
function may be impaired by leachate irrigation. Root nodules were pink in colour as 
they contained leghemoglobin for oxygen transport. 
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(Havelka et al., 1982; Singleton and Bohlool, 1983; Dilworth and Bisseling, 1984; 
Israel, 1987; Reddell, 1993). Decrease in nodule number and biomass, nodule 
health and nitrogenase activity by leachate irrigation were probably explained by the 
high soil mineral N content, soil acidity and soil salination induced by leachate 
irrigation. 
2.3.7.1 Soil mineral N content 
Leachate irrigation adds substantial amount of mineral N, including NH4+ and 
NO3-, to the soil. Increase in N supply would significantly (p < 0.05) increase the 
foliar N content in some of the N-fixing species as shown in Figure 2.4. Similar 
results were obtained by Yousef and Sprent (1983) in which higher foliar N content 
was found in N-fixing plants relied on fertilizer N. These results indicate that 
N-fixing plants tend to utilize the readily available N instead of reliance on the 
symbiotic N supply. However, excessive soil mineral N would inhibit N fixation 
(Havelka et al., 1982). It was believed that increase in mineral N supply would 
decrease photosynthate supply to root, since more photosynthate would be used to 
assimilate the mineral N taken up. Besides, legume infection and nodule 
development were found to be inhibited by NO3" (Horst, 1995). As NO3" was 
formed by the nitrification of NH4+, NO2" in roots will combine with the 
leghemoglobin. Transport of O2 for N fixation would be blocked, since 
leghemoglobin is responsible for buffering for the supply of O2 to N fixation. 
2.3.7.2 Soil acidity 
Leachate irrigation would elevate soil acidity due to increased nitrification. 
The relationship between soil acidity and nitrification will be discussed in details in 
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Chapter 4. 
Increase in soil acidity decreases N fixation. When soil pH drops below 4.5, 
nodulation and N fixation stop (Yao, 1997). Many Rhizobium and Bradyrhizobium 
species are sensitive to pH. Low soil pH decreases the multiplication rate of 
Rhizobium which retarded nodule development (Schubert et al., 1990). The number 
of Rhizobium meliloti in the root zone of alfalfa decreased drastically when soil pH 
was below 6.0 (Tisdale et al., 1993). Besides, increase in the solubility of Al and 
Mn and decrease in soil nutrients such as P, Ca and Mo as a result of increase in soil 
acidity would retard nodule formation and development (Havelka et al., 1982). 
2.3.7.3 Salinity 
Increase in soil salinity is a universal problem for leachate irrigation which has 
profound effects on N-fixing plants. Shoot weight of Casuarina obesa decreased 
by 33-85% between 0.15 and 15 mg NaCl g'^  when compared with that of the control 
(no NaCl added) (Reddell et al., 1985). Its nodule biomass decreased to 30-50% of 
control in 1.5 mg NaCl g'^  soil and to only 10-12% of control when soil salination 
increased to 15 mg NaCl Similar results were obtained by Yousef and Spent 
(1983) who found that nodule number and healthiness as well as total and specific 
nitrogenase (nitrogenase activity per unit weight of nodule) decreased with increase 
in salinity. There was more decrease in shoot N content and growth for the plants 
that relied on symbiotic N fixation than those relied on fertilizer N. The effects of 
salinity on N fixation were believed to be caused by the inhibition of nodule 
initiation. Exposing the infection process to high salinity resulted in a sharp 
decrease in nodule number and biomass, and total nitrogenase activity (Singleton and 
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Bohlool, 1983). Salinity also decreased photosynthetic rate which decreased the 
supply of photosynthate to roots for nodule development and hence N fixation 
(Reddell et al., 1985). 
2.3.7.4 Soil aeration 
N fixation is an energy demanding process which requires an ample supply of 
oxygen to take place (Havelka et al., 1982). Therefore, soil aeration is critical for 
the N fixation. Leachate irrigation may cause soil hypoxia, if leachate with high 
BOD or COD is used. In addition, water logging resulted from excessive irrigation 
could also be problematic. 
2.3.8 Species selection 
Growth performance evaluation provides the basic information for choosing the 
potential species for leachate irrigation. In fact, there are many other factors that 
govern the success of leachate irrigation, which depends on the goal of leachate 
irrigation. If the purpose is to attenuate leachate by the soil-plant system, nutrient 
demanding and fast-growing species such as Eucalyptus spp. and Acacia spp. would 
be appropriate. It is because they are able to utilize more nutrients and water from 
leachate for their growth. However, if leachate is only regarded as a source of 
irrigating water for degraded land rehabilitation, native specis such as F. microcarpa, 
H. tiliaceus and S. discolor should be used in the view point of conservation as they 
are able to provide food and nesting for local wildlife (Zhuang & Yau, 1999). 
Regardless of the goal, the plants should, at least, grow well under the effects of 
leachate. 
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In general, salinity tolerance is a good parameter for selecting plant species for 
leachate irrigation. All species, except S. sebiferum, survived and grew healthy 
under leachate irrigation. Table 2.10 ranks the species according to relative 
increment of leachate-irrigated seedlings to that of the water-irrigated ones. Only 
increase in tree height and basal diameter, which were equally weighted, were 
included in the ranking, as some of the species are deciduous and the standing leaf 
number of C. equisetifolia is hard to determine. N-fixing trees had the lowest rank 
as the beneficial effects of leachate irrigation were counteracted by the N-fixing 
activity. The fast growing non-N-fixing species, e.g. Eucalyptus spp., had a higher 
rank. It seems that their growth rate was limited by water-irrigation. Although M. 
azedarach was slow growing (Figure 2.2), its height increased 6 times after leachate 
irrigation. From view point of growth performance (in terms of both tree height and 
basal diameter), H. tiliaceus, M. azedarach and S. discolor were stimulated the most 
under leachate irrigation when compared with those water-irrigated ones. This was 
attributed to higher toxicity tolerance and nutrient requirement than other species. 
2.4 Conclusions 
With the exception of S. sebiferum, there were no inhibitory effects of leachate 
irrigation on plant growth. Instead, leachate irrigation promoted seedling growth in 
most of the non-N-fixing seedlings when compared with their water-irrigated 
counterparts. The N-fixing ability of N-fixing seedlings cancelled most of the 
beneficial effects provided by the leachate irrigation. It was confirmed that leachate 
irrigation was beneficial, at least not harmful, to plants if sufficient dilution (5% v/v) 
was used and the appropriate plant species were selected. Hibiscus tiliaceus, Melia 
azedarach and Sapium discolor were the most responsive species to leachate 
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Table 2.10 Species performance ranking after 90-day irrigation. Species with lower 
score performed better in the experiment. 
Species Relative increment (%) 
Height Score Basal Score Total Score 
diameter 
Hibiscus tiliaceus 2 ^ 4 6 
Melia azedarach 776 5 524 1 6 
Sapium discolor 1160 3 353 3 6 
Eucalyptus citriodora 2410 1 229 7 8 
Eucalyptus robusta 1020 4 188 9 13 
Cinnamomum camphora 186 15 433 2 17 
Eucalyptus torelliana 414 6 157 11 17 
Delonix regia 257 10 217 8 18 
Melaleuca quinquenervia 333 8 178 10 18 
Litsea glutinosa 209 13 258 6 19 
Casuarina equisetifolia 266 9 127 13 22 
Liquidambar formosana 131 19 335 5 24 
Ficus microcarpa 403 7 47.7 19 26 
Macaranga tanarius 238 11 109 15 26 
Sapium sebiferum 232 12 123 14 26 
Albizia lebbeck 184 16 156 12 28 
Acacia confusa 187 14 83.5 18 32 
Acacia auriculiformis 153 17 107 16 33 
Acacia mangium 150 18 96.3 17 35 
Note: Species with smaller ranking performed better in the experiment. The overall 
ranking is the ranking of height plus basal diameter 
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irrigation, although no obvious adverse effects were found in other species used in 
this study. There was a significant increase in foliar N in both N-fixing and 
non-N-fixing species after leachate irrigation. The growth of N-fixing species was 
not affected by leachate irrigation, though there was a decrease that was not 
significant in nodule number and biomass, indicating that N-fixing ability may be 
affected to some extent. 
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Chapter 3 Plant growth response to leachate irrigation on 
phosphorus-amended soil 
3.1 Introduction 
Leachate irrigation was recommended for closed landfill where the final cover 
is vegetated (Ettala, 1987; Nixon et al., 2001). The final soil cover layer usually 
comes from the stockpile of the excavated soil during landfill construction. During 
storage, there will be substantial deterioration in soil structure, organic matter and 
nutrient contents. Top soil layer could be imported as an alternative. However, to 
reduce cost, soil imported is usually poor in structure and nutrient contents (Wigfull 
and Birch, 1987). In Hong Kong, acidic decomposed granite (DG) is generally 
used as the final cover layer of landfill. Decomposed granite is generally acidic in 
reaction and deficient in N, P and organic matter, and has a low nutrient holding 
capacity (Webb, 1999). This poor soil cover provides little nutrients to vegetation. 
Since the cover layers are thin, poor structured with low organic matter, little 
moisture can be kept in the soil. Leachate irrigation was suggested to provide 
nutrients and water source to the plants on landfill cover (Liang et al., 1999; 
Dickinson, 2002). 
In Chapter 2, it has been demonstrated that leachate irrigation would increase 
plant productivity if the strength of leachate irrigated was assessed and suitable plant 
species were selected. However, it also revealed that leachate irrigation would only 
supply limited amount of P to plants, which may retard plant productivity to a certain 
extent (Winant et al., 1981; Ettala, 1987; Wong and Leung, 1989; Cureton et al., 
1991;Hasselegren, 1998). 
71 
Leachate irrigation would provide large amount of N which would decrease 
foliar P concentration. It has been shown that P deficiency may occur in N 
stimulated plants. Addition of N was found to decrease the foliar P content in Acer 
rubrum and Aster acuminatus in the United States (Corbin et al., 2003). Similar 
results were reported in coniferous trees in Northern Europe, which experienced high 
N deposition (Houdijk and Roelof, 1993; Fliickiger and Braun, 1998). Therefore, P 
fertilization may be necessary to counteract the negative effects of N addition by 
leachate irrigation. Furthermore, Corbin et al. (2003) proposed that addition of P 
may increase N retention in a N saturated ecosystem. Addition of P fertilizer would 
increase N removal in case of leachate irrigation by increasing plant productivity so 
that more N would be fixed in the plant biomass. 
P is an important plant macronutrient, which occurs in most plants in the 
concentration between 0.1% and 0.4% (Tisdale et al., 1993). It is important in 
energy storage and transfer, because it is the principal component of adenosine 
triphosphate (ATP). Besides, it is also an essential structural component of many 
biochemicals such as nucleic acids, coenzymes, nucleotides, phosphoproteins, 
phospholipids and sugar phosphate. Adequate supply of P is important for the 
development of reproductive parts of plant. P deficient plants are disease-sensitive, 
usually small and stunted with reduced leaf area and number. The most obvious P 
deficiency symptom is purplish leaves due to anthocyanin accumulation (Tisdale et 
al., 1993; Mengel and Kirkby, 2001; Raese, 2002; Ben-Gal and Dudley, 2003). 
Nevertheless, high P amendment would be costly. High available soil P 
content was even reported to have negative effects on productivity due to nutrient 
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imbalance (Indiati and Rossi, 2002). In addition, leaching of excessive P may cause 
eutrophication of the aquatic environment. Therefore, suitable rate is important 
when applying P fertilizer as a supplementary nutrient in leachate irrigation. 
This study aimed to evaluate the effect of P amendment on plant productivity in 
leachate irrigation and to determine the appropriate amount of P that should be added 
to increase plant productivity. 
3.2 Material and Methods 
Eucalyptus citriodora. Hibiscus tiliaceus and Sapium discolor were chosen in 
this study because of their good performance toward leachate irrigation as shown in 
the previous experiment (Chapter 2). Melia azedarach was not used due to its 
availability in local nurseries. 
3.2.1 Leachate sampling and collection 
Leachate samples were collected from the inflow pipe of the leachate treatment 
plant in the WENT Landfill in March 2005. The samples were stored at 4°C in 10 
L air tight PVC carboys. Chemical analyses were carried out within 24 h as 
described in Chapter 2. 
3.2.2 Experimental setup 
Seedlings with height of 20-30 cm were obtained from a local tree nursery and 
transplanted to pot of 19 cm i.d. and 18 cm height. Soil used in this experiment was 
the same type of soil used in the previous screening study (Chapter 2). All 
seedlings were allowed to acclimate in a greenhouse for 2 weeks. 
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After acclimation, N-P-K (15-15-15) Nitrophoska fertilizer at a rate of 98.6 kg 
N ha.i and corresponding amount of P (in form of calcium superphosphate) was 
added to soil surface in each pot of different treatments. Half, Ix and 2x of the 
equivalent amount (43.1 kg P ha] ) of P as fertilizer were added to the corresponding 
treatments as shown in Table 3.1. There were 5 replicates for each treatment, and 
they were arranged in complete randomized blocks. 
Eighteen mm 5% (v/v) diluted leachate or same amount of tap water was 
surface applied to each pot 3 times a week. This irrigation volume was equivalent 
to the average rainfall obtained during the experimental period as recorded by the 
Hong Kong Observatory in the past five years (1999-2003) (HKO, 2004). 
Excessive irrigation was drained at the bottom of each pot. Plant growth 
parameters, ecophysiological parameter and visual symptoms were determined as 
described in Chapter 2. 
3.2.3 Plant and soil sampling 
At Day 90, plants were harvested for biomass measurement and analyzed for 
tissue contents as mentioned in Chapter 2. The remaining soil was mixed 
thoroughly and an appropriate amount was collected, air dried for 2 weeks and 
sieved by a 2 mm mesh sieve before chemical analyses. 
3.2.3.1 Soil pH and electrical conductivity (EC) 
Deionized water was added to soil samples in a ratio of 1:3 (v/w) and shaken in 
150 rpm for 10 min. Soil suspensions were allowed to stand for 30 min and 
measured by pH and conductivity meter. 
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Table 3.1 Experimental design of different treatments. 
Treatment Code Irrigant Soil amendment P added 
(kgPha-i) 
Water W Tap water Nil 0.00 
Fertilizer F Tap water 1.86 g Nitrophoska 43.1 
Leachate L Diluted leachate Nil 0.00 
Leachate + 0.5P L+0.5P Diluted leachate 0.248 g calcium superphosphate 21.6 
Leachate + P L+P Diluted leachate 0.495 g calcium superphosphate 43.1 
Leachate + 2P L+2P Diluted leachate 0.990 g calcium superphosphate 86.2 
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3.2.3.2 Soil N 
Total N was determined by SAN附'Segmented Flow Auto-analyzer ( S A l / � 0 
after semi-micro-Kjeldal digestion using concentrated H2SO4 acid and Cu as catalyst 
(modified from Skalar, 1995b). Extractable N (NHx-N and NOx-N) was determined 
by a SAN户〜analyzer after extraction of the soil sample with IM KCl shaken at 200 
rpm for 1 h (Rowell, 1996). 
3.2.3.3 Soil P 
Total P was determined by a S A N " � a n a l y z e r after semi-micro-Kjeldal 
digestion. Available P (P04^'-P) was determined by S A N巧 a f t e r extraction of the 
soil sample with a (NH4)2S04 buffer (pH = 3.0) (Troug's reagent) shaken at 150 rpm 
for 30 min (Troug, 1930). 
3.2.4 Statistical analysis 
The differences in plant growth parameters, biomass, chlorophyll fluorescence, 
foliar, root and soil contents of N and P among different treatments were determined 
by one-way analysis of variance (ANOVA) and Tukey's Honestly Significant 
Difference test at p 二 0.05 where appropriate. 
3.3 Results and Discussion 
3.3.1 Leachate composition 
The leachate composition used in this experiment was characterized by alkaline 
pH, high NHx-N content and EC, and low in P and heavy metal content (Table 3.2). 
When compared with the chemical composition of leachate in the previous study 
(Chapter 2), the leachate strength was even higher, especially EC and NHx-N. 
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Electrical conductivity (EC) 27.4 
Chemical oxygen demand (COD) 9530 ± 351 
Total organic carbon (TOC) 3600 士 20.7 
Total Kjeldahl nitrogen (TKN) 4900 士 44.3 
Ammoniacal nitrogen (NHx-N) 3940 ±80.1 
Oxidized nitrogen (NOx-N) 3.23 士 0.23 
Total phosphorus (TP) 30.3 士 1.24 
Orthophosphate phosphorus (PO4-P) 27.2 土 0.36 
Chloride 4050 ±451 
Soluble metals 
Na 3090 ±34.3 
K 1920 ±7.95 
Ca 12.9 ±0.23 
Mg 49.8 ±0.51 
Cd 0.08 ±0.00 
Cr 0.60 ±0.12 
Fe 16.3 ±0.06 
Ni 0.91 士 0.28 
Pb 0.21 ±0.18 
Zn 1.29 士 0.03 
All the units are in mg L ] except pH (no unit) and EC (mS cm'') 
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This is p robably at tr ibuted to the seasonal variation in leachate strength as a result of 
lower leaching act ions in dry season, which was higher in wet season (Wong, 2003). 
Nega t ive correla t ion existed between the leachate strength and cumulat ive rainfall 
recorded 7 and 14 days before sampling (Chu et al., 1994). 
3.3.2 Plant growth per formance 
Eight seedl ings of S. discolor died during the course of experiment . Since it 
occurred in all t reatments , the mortality would not be due to the impacts of leachate 
irrigation, but probably due to poor seedling quality. Dead seedlings were 
discarded f rom analyses. No mortality was observed in E. citriodora and II. 
tiliaceus until the end of the experiment . 
Figure 3.1 shows the growth rale, in terms of tree height, of E. cilrioJora, II. 
liliuceus and S. discolor. Generally, water alone gave the slowest growth due to 
nutrient deficiency. The growth rale of all species did not significantly (p > 0.05) 
respond lo the addit ion of P. All of the three species did not show a significantly 
faster growth rate with P amendment at Day 90, when compared with Icachalc 
irrigation alone. 
1 he leachale-irrigalcd seedlings, regardless of P addition, had denser canopy 
with darker leaf colour when compared with that of water irrigation alone in all 
species (Plate 3.1). Table 3.3 summaries the change of growth parameters after 90 
day irrigation. There was no significant increase (p > 0.05) in tree height between 
\V and L treatment for H. tiliaceus and S discolor as in previous study (Chapter 2). 
The discrepancy was probably due to the climatic effects, in which the last study was 
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Figure 3.1 Percentage increase in tree height of (a) Eucalyptus citriodora, (b) 
Hibiscus tiliaceus, (c) Sapium discolor during 90-day irrigation under different 
treatments: W ( • ) , F (•) , L (A), L+0.5P ( • ) , L+P ( • ) and L+2 P ( • ) . Error bars 










































































































Table 3.3 Growth performance (percentage increase) of Eucalyptus citriodora. 
Hibiscus tiliaceus and Sapium discolor after 90-day irrigation under different 
treatments. Different letters in a column represent a significant difference at p 二 0.05 
between different treatments of the same species according to Tukey's HSD test. 
Species Treatment Percentage increase (%) 
Height Leaf number Basal diameter 
Eucalyptus W 5.69 ±4.44 b 41.4 士 23.8 b 26.5 ± 19.9 
citriodora p 31.2 ± 14.4 ab 102 士 47.8 ab 33.2 ± 15.1 
L 39.1 ±15.1 a 46.5 土 21.4 ab 39.2 士 21.4 
L+0.5P 31.5 ± 12.3 ab 139 士 46.1 ab 32.0 ±4 .69 
L+P 31.6 士 18.9ab 157 士 105 ab 27.3 ± 8.20 
L+2P 2 5 . 5 ± 1 8 . 6 a b 189 土 121 a 20.2 土 19.5 
Hibiscus W 1 5 . 8 ± 8 . 6 3 b 1 5 . 4 ± 2 3 . 1 b 4 4 . 9 ± 7 . 1 6 b 
tiliaceus p 28.5 士 10.0 ab 71.7 士 76.7 ab 80.8 ± 17.9 ab 
L 28.5 ± 5.68 ab 53.6 ± 85.0 ab 78.0 ± 26.4 ab 
L+0.5P 38.8 土 22.8 ab 89.2 士 72.3 ab 84.5 士 18.0 ab 
L+P 58.6 士 24 .3a 8 8 . 0 ± 5 0 . 2 a b 97.1 士 16.2 a 
L+2P 39.5 ±27.3 ab 215 士 109 a 83.8 士 39.3 ab 
Sapium W 4.67 土 6.86 56.1 士 34.2 b 24.7 士 7.92 
discolor p 10.1 士 3.93 141 士 36.4 ab 76.0 ±34.3 
L 9.93 ±8.52 400± 234 ab 49.2 士 27.8 
L+0.5P 2 1 7 ±12.9 299 ± 98.2 ab 61.1 士 45.9 
L+P 16.5±12.6 4 1 1 ± 1 5 2 a b 40.4±12.1 
L+2P 18.3±10.3 516± 273 a 50.5 士 27.9 
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started at late summer, and different leachate strength. The growth rate of seedlings 
in F and L treatments was nearly the same which indicates that the phytotoxicity 
effect of leachate was very small when compared with its beneficial effects at this 
dilution. The fertilized seedlings also grew better than seedling receiving water 
alone. The difference was reflected by the difference in leaf number. It had been 
demonstrated that leaf number was reduced in soybean in case of P deficiency 
(Marschner, 1995). Standing leaf number increment was the lowest in W treatment 
for all species. Standing leaf number increased with the amount of P added, and 
was significantly higher (p < 0.05) in L+2P than W treatment in all the species 
studied. However, the effect of P amendment was not great enough to generate a 
significant difference in standing leaf number increment when the L treatment was 
compared with the P amendments at any rate for all species. There was no 
significant difference (p > 0.05) between the L and W treatment, which was detected 
in last study (Chapter 2). Similar to tree height, the discrepancy was probably due 
to the climatic effects and different leachate strength. 
As discussed in Chapter 2, basal diameter was not a sensitive parameter to 
determine the effects of leachate irrigation. It was also shown that addition of P did 
not increase the stalk diameter of cane (El-Tilib et al., 2004). There was no 
significant difference (p > 0.05) in basal diameter increment for both K citriodora 
and S. discolor among all the treatments. Significant difference (p < 0.05) was only 
found between the W and L+P treatment in H. tiliaceus (Table 3.3). 
It has been suggested that P deficiency can be indicated by the shoot:root ratio. 
Under P deficient status, plants would translocate more P and carbohydrate to root 
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for the maintenance of root growth so that the plants can increase exploitation of the 
soil in order to increase the supply of P (Marschner, 1995; Mengel and Kirkby, 2001). 
Therefore, a decrease in shoot:root ratio with relative higher root P would be 
observed for the P-deficient plants. In this study, the water-irrigated seedlings had 
the lowest shoot:root ratio (Table 3.4). When the shootroot ratio of seedlings in L 
was compared with that of P amended treatments, only a slight increase in shootroot 
ratio was found. This indicates that P addition would increase the shootroot ratio, 
but the availability of other nutrients such as N would also affect the ratio. The 
influence of N on the ratio was even higher than that of P in case of leachate 
irrigation where surplus N was supplied. 
Table 3.5 shows the Fv/Fm value, which indicates the health status of the plants, 
measured at the harvest day. The photo synthetic efficiency of the PSII was not 
affected by leachate irrigation and P amendment, as there was no significant 
difference (p > 0.05) in Fv/Fm value in all treatments among the 3 species. 
3.3.3 Biomass 
Regardless of P amendment, biomass harvested at Day 90 was higher for 
leachate-irrigated seedlings than that of water-irrigated seedlings (Figure 3.2). 
However, there was no significant difference between the water- and leachate-
irrigated seedlings as Chapter 2. When comparing the L treatment with the P 
amendment treatments, there was no significant difference in the biomass. This 
indicates the addition of P had no effects on the biomass production. Highest 
biomass was obtained from the F treatment for both E. citriodora and S. discolor, but 
the highest biomass was obtained for the L+P treatment in H. tiliaceus. There may 
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Table 3.4 Shoot to root ratio (biomass) of Eucalyptus citriodora, Hibiscus tiliaceus 
and Sapium discolor at harvest. Values of different treatments of the same species 
followed by the different letters indicate a significant difference at p = 0.05 according 
to Tukey's HSD test. 
Species Treatment Shoot:root 
Eucalyptus citriodora W 1.93 士 0.14 b 
F 1.93 士 0.51 ab 
L 2.00± 0.52a 
L+0.5P 2.57 士 0.87a 
L+P 1.98 士 0.44 a 
L+2P 2.08 士 0.55 ab 
Hibiscus tiliaceus W 0.54± 0.12 b 
F 1.69± 0.30a 
L 1.53±0.33a 
L+0.5P 1.72 士 0.29 a 
L+P 2 .13±0.11a 
L+2P 2.23 ±0 .79 a 
Sapium discolor W 1.47± 0.28b 
F 2.05 士 0.32ab 
L 2.63 士 0.5 l a b 
L+0.5P 3.35± 0.68a 
L+P 3.30 士 0.93 a 
L+2P 3.29± 0.87 a 
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Table 3.5 Chlorophyll fluorescence (Fv/Fm) measured at the day of harvest. There 
were no significant difference in chlorophyll fluorescence between different 
treatments of the same species. 
Species Treatment Fv/Fm 
Eucalyptus citriodora W 0.82 ±0.01 
F 0.80 ±0 .02 
L 0.81 ±0 .02 
L+0.5P 0.82 ±0.01 
L+P 0.83 士 0.02 
L+2P 0.82 ± 0.02 
Hibiscus tiliaceus W 0.80 ±0 .03 
F 0.79 ±0 .03 
L 0.78 ± 0.02 
L+0.5P 0.79 ± 0.04 
L+P 0.80 士 0.02 
L+2P 0.76 ± 0.06 
Sapium discolor W 0.79 士 0.06 
F 0.80 ±0 .02 
L 0.80 ±0.02 
L+0.5P 0.81 ±0.03 
L+P 0.80 士 0.04 
L+2P 0.80 士 0.03 
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Figure 3.2 Biomass harvested at Day 90 of Eucalyptus citriodora. Hibiscus tiliaceus 
and Sapium discolor under different irrigation treatments. Bars of different 
treatments of the same species with different letters represent a significant difference 
at p = 0.05 according to Tukey's HSD test. 
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be some inhibition on the biomass production for E. citriodora and S. discolor by 
leachate irrigation, although the effects were not significant. 
3.3.4 Tissue contents 
3.3.4.1 Foliar N 
Figure 3.3 shows the foliar N content after 90-day irrigation. Leachate 
irrigation significantly (p < 0.05) increased the foliar N content when compared with 
the water irrigated seedlings. This was consistent with the results in Chapter 2 
where a significant increase in foliar N content was also observed for leachate 
irrigation for these 3 species. There was no difference between W and F treatments. 
This indicates that the amount of N provided by fertilizer was much lower than that 
supplied by leachate (1953 kg N ha provided by leachate compared with 98.6 kg N 
ha'i provided by fertilizer). Although it was suggested that increase in foliar 
nutrient content would be good for maintaining ecological stability (Menser et al., 
1979), it was also pointed out that the elevation of foliar N would be a symptom of N 
saturation which would eventually lead to forest decline (Magill et al., 2004). 
Addition of P did not increase the foliar N uptake as there was no significant 
difference (p > 0.05) in foliar N content among different P application rates (Figure 
3.4). Corbin et al. (2003) suggested that P fertilization may be effective in 
increasing the biotic uptake of N in case of N saturation, as it can increase net 
primary production. However, the biomass was not stimulated by P fertilization in 
this study for all three species. This indicates that P amendment did not increase N 
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Figure 3.3 Foliar N content of Eucalyptus citriodora, Hibiscus tiliaceus and Sapium 
discolor at Day 90 under different treatments. Bars of different treatments of the 
same species with different letters represent a significant difference at p = 0.05 
according to Tukey's HSD test. 
1 0 0 � 
广 • • 
S 8 0 - H ab a 
_慮 
Eucalyptus citriodora Hibiscus tilaceus Sapium discolor 
Figure 3.4 Foliar nitrogen uptake yield of Eucalyptus citriodora, Hibiscus tiliaceus 
and Sapium discolor at the day of harvesting. Bars of different treatments of the 
same species with different letters represent a significant difference at p = 0.05 
according to Tukey's HSD test. 
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3.3.4.2 Foliar P 
Plant growth stimulated by N may have diluted the concentration of P in plant 
tissues, if the supply of P was not increased with the N supply (Corbin et al., 2003). 
Fliickiger and Braun (1998) suggested that the decrease in P content for the N 
stimulated trees was due to the increase in shoot:root ratio which led to reduced P 
uptake from soil. Figure 3.5 represents the foliar P content after 90-day irrigation. 
Leachate irrigation alone gave lower in foliar P content when compared with the P 
amended treatments. The P amended treatment was not significantly (p > 0.05) 
higher, in terms of foliar P content, than the W except the L+2P treatment in H. 
tiliaceus. This indicates that N stimulated growth, in fact, had a diluting effect on 
foliar P content. Furthermore, negative effect of N addition on leaf P concentration 
could not be counteracted much by P fertilization. 
Figure 3.6 shows the foliar P uptake yield after 90-day irrigation. The uptake 
yield of the W treatment was not significantly (p > 0.05) different from the L 
treatment. This suggests that leachate did not supply adequate P for plant growth 
due to its low P content. Generally, the uptake yield increased with the amount of P 
amended with the soil. However, there was no significant difference (p > 0.05) 
between the P uptake yield between the leachate irrigation alone and P amended 
treatments, except the L+2P treatment in case of H. tiliaceus. This indicates that the 
P added to the soil was not efficiently taken up by plants. 
It has been suggested that under P deficiency, more P and photo synthate would 
transport to roots (Marschner 1995; Mengel and Kirkby, 2001) which lead to 
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Figure 3.5 Foliar phosphorus content of Eucalyptus citriodora. Hibiscus tiliaceus and 
Sapium discolor at Day 90 under different treatments. Bars of different treatments 
of the same species with different letters represent a significant difference at p = 0.05 
according to Tukey's HSD test. 
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Figure 3.6 Foliar phosphorus uptake yield of Eucalyptus citriodora. Hibiscus 
tiliaceus and Sapium discolor at harvesting day. Bars of different treatments of the 
same species, with different letter represent a significant difference at p = 0.05 
according to Tukey's HSD test 
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under different treatments. There was no significant difference (p > 0.05) in root P 
content among different treatments in all species in this study. Therefore, the 
decrease in shootroot ratio with decrease in P supply observed in this study was 
probably due to increase in photosynthate supply. Increase in root proliferation 
would allow the plant to exploit larger area to increase P uptake. 
3.3.5 Soil 
3.3.5.1 pH and EC 
Table 3.7 shows the soil pH and EC before and after the experiment. The soil 
was initially acidic with low EC. Leachate irrigation did not alter the soil pH too 
much, but it resulted in a significant (p > 0.05) increase in EC of the soil. Soil pH 
and EC did not increase with the addition of fertilizer, which indicates that there was 
no accumulation of ionised chemicals after 90-day irrigation. Addition of calcium 
superphosphate slightly increased the soil pH, which was more obvious in the case of 
E. citriodora and S. discolor. Although the soil pH was as low as 5.2 士 0.33 after 
90-day leachate irrigation, there was no observable impact on plant growth. 
Increase in EC was mainly due to the ionised substance, such as NH4+, NO3' 
formed from nitrification, as well as CI", K+ and Na+, retained in soil after leachate 
irrigation (Hernandez et al., 1999). Increase in EC represents an increase in soil 
salinity. Increase in soil salinity is prevailing in leachate irrigation which would 
retard plant growth (Ettala, 1987; Wong and Leung, 1989; Chan et al., 1999). 
Soils are usually said to be saline if the EC of the saturation extract is greater 
than 4 mS cm'^ (Shannon et al., 1994). Landon (1991) referred the soil with EC 
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Table 3.6 Root P contents (%) after 90-day irrigation of different treatments. There 
were no significant differences in chlorophyll fluorescence between different 
treatments of the same species. 
Species Treatment Root P (%) 
Eucalyptus citriodora W 0.07 ± 0.02 
F 0.05 ±0.01 
L 0.06 ±0 .03 
L+0.5P 0.07 ±0 .03 
L+P 0.06 士 0.03 
L+2P 0.07 ±0.01 
Hibiscus tiliaceus W 0.06 士 0.03 
F 0.09 ±0.05 
L 0.07 ±0.03 
L+0.5P 0.07 ±0.02 
L+P 0.06 士 0.02 
L+2P 0.09 ± 0.05 
Sapium discolor W 0.06 士 0.02 
F 0.06 ±0.02 
L 0.07 ±0.03 
L+0.5P 0.08 士 0.05 
L+P 0.07 士 0.01 
L+2P 0.09 士 0.05 
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Table 3.7 Soil pH and electrical conductivity (EC) before and after 90-day irrigation 
under different treatments. Different letters in a column represent a significant 
difference at p = 0.05 between different treatments among the same species 
according to Tukey's HSD test. 
Species Treatment pH EC ( f i S cm'^) 
Eucalyptus citriodora Initial 5.16 士 0.04 ab 38.7 士 3.65 b 
W 5.26 士 0.14 b 42.5 ± 4.52 b 
F 5.22±0.:33ab 91.9 ± 65.2 b 
L 5.53 ± 0.30 ab 507 ± 142 a 
L+0.5P 5.35 士 0.27 ab 590 士 223 a 
L+P 5.48 ± 0.37 ab 527 ± 166 a 
L+2P 5.67 ±0 .46 a 579 ± 303 a 
Hibiscus tiliaceus Initial 5.16 士 0.04 38.7 士 3.65 b 
W 5.48 ±0.13 3 7 . 9 ± 6 . 1 8 b 
F 5.37 ±0.20 4 1 1 士 4.15 b 
L 5.48 ±0.35 299 ± 125 a 
L+0.5P 5.51 ±0.40 318 ± 52.8 a 
L+P 5.53 ±0 .42 349 ± 197 a 
L+2P 5.53 ±0.55 245 ± 33.8 a 
Sapium discolor Initial 5.16 ± 0.04 b 38.7 ± 3.65 b 
W 5.41 ± 0.05 ab 38.1 士 3.05 b 
F 5.27 ± 0.14 ab 52.1 土 4.99 b 
L 5 .Z7±0.22ab 373 ± 159 a 
L+0.5P 5.32 ± 0.54 ab 328 ± 33.5 a 
L+P 5.71 ± 0.01 ab 317 ± 130 a 
L+2P 5.78 ±0.16 a 332 士 96.8 a 
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exceeding 8 mS cm"^ as highly saline soils. After 90-day irrigation with diluted 
leachate, soil EC ranged from 0.3 to 0.6 mS cm'\ which was far below 4 mS cm"'. 
However, the EC was about 10-20 times of the water irrigated soil. Soil may 
become saline due to ion accumulation in long-term leachate irrigation and cause 
damage to plants. 
Saline soil limits plant growth by (i) induction of drought stress; (ii) ion 
toxicity due to excessive uptake of Na+ and CI" and (iii) nutrient imbalance by 
depressed uptake and distribution of mineral nutrients especially Ca (Marschner, 
1995). Plants growing in saline soil result in stunted growth due to suppression by 
high salt concentration (Feigin et al., 1991). Increase in soil salinity inhibits shoot 
growth more than that of root growth, which results in a decrease in shoot:root ratio. 
This decrease in shootroot ratio leads to better exploitation of soil moisture and 
nutrients for supporting plant with relatively smaller leaf area (Shannon et al., 1994). 
Decrease in growth is primarily due to reduced leaf area and closure of stomata as a 
result of osmotic dehydration (Shalhevet, 1993). Increase in soil salinity by 
leachate irrigation would induce osmotic deficit moisture stress in plants which leads 
to decrease in net photo synthetic rate as a result of decreasing stomata conductance 
and transpiration rate (Shrive and McBride, 1995). Besides, increase in EC would 
lead to reduced hydraulic conductivity and infiltration which increases the surface 
runoff (Chan, 1981), and disperse clays which increases the denaturalisation of soil 
enzymes (Garcia and Hernandez, 1996). 
Since increase in soil salinity may affect the sustainability of leachate irrigation 
in the long run, special attention should be paid to this problem. Selection of 
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salinity tolerant species would be necessary. Results obtained in Chapter 2 provide 
some information for species selection to leachate irrigation. Soil EC should be 
monitored so that appropriate action could be taken immediately. Excessive salt 
accumulation in soil can only be prevented through leaching with surplus low EC 
water or soil replacement. 
There was no significant difference (p > 0.05) in EC among leachate 
irrigation with the three application rates of phosphate and the W treatment. This 
indicates that the phosphate added did not contribute to the increase in EC. 
3.3.5.2 Soil N 
Leachate irrigation significantly (p < 0.05) increased soil NHx-N, NOx-N and 
total N (Table 3.8). Leachate irrigation provided over 20 times (equivalent to 1953 
kg N ha) more N than the fertilizer during the irrigation period. Nearly all the N 
added via fertilizer was removed by plants or leached away as indicated by the low 
residual amount presented in soil after 90 day irrigation. Actually, most of the N 
added by fertilizer was leached away as there was no significant difference (p > 0.05) 
in foliar N uptake between the W and F treatment (Figure 3.5). Addition of P did 
not affect N speciation in the soil. 
The anaerobic condition of landfill suppresses the oxidization of N. This was 
reflected by the high NHx-N:NOx-N ratio. Therefore, the amount of NOx-N added 
to soil by leachate irrigation was small. However, the amount of NOx-N in soil 
increased significantly (p < 0.05) after 90-day leachate irrigation as a result of 
nitrification. The conversion of NHx-N to NOx-N accounts for most of the N 
leached, since the mobility of NO3' is higher than NH4+. Nitrification is an 
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Table 3.8 Soil nitrogen content (mg kg"^) before and after 90-day of irrigation under 
different treatments. Different letters in a column represent a significant difference 
at p = 0.05 between different treatments among the same species according to Tukey’ 
s HSD test. 
Species T r e a t m e n t N H 4 - N NOx-N Total N 
Eucalyptus citriodoraInitial 14.5 ± 3.46 b 2 . 6 0 ± 1 . 4 1 b ~ ~ 9 4 . 7 士 25.4 b 
W 7.69 ±2.51 b 3.67 士 3.74 b 82.6 士 81.2 b 
F 8.83 士 1.48 b 3.01 ±1 .89 b 88.4 ± 95.7 b 
L 138 ± 1 3 . 6 a 61.4± 19.1 a 538 土 79.2 a 
L+0.5P 151 土 28.5 a 79.1 ±27.7 a 633 士 108 a 
L+P 139 士 10.2 a 61.8 土 17.0 a 547 ± 124 a 
L+2P 155 士 28.4 a 74.5 士 51.2 a 557 士 278 a 
Hibiscus tiliaceus Initial 14.5 士 3.46 b 2.60 ±1.41 b 94.7 ± 25.4 b 
W 9.66 士 3.25 b 3.71 士 1.54 b 50.7 ± 69.5 b 
F 8.71 士 1.87 b 4.04 士 2.08 b 135 士 106 b 
L 100 ± 10.1 a 33.1 ±8.03 a 386 ± 132 a 
L+0.5P 104 ± 1 1 . 6 a 35.7 士 9.32 a 519 ± 293 a 
L+P 99.8 ±11.1 a 39.6±15.1 a 409 ± 141 a 
L+2P 111 ± 1 3 . 4 a 37.5±19.3 a 429 ± 99.8 a 
Sapium discolor Initial 14.5 土 3.46 b 2.60 ±1.41 b 94.7 ± 25.4 b 
W 9.53 ± 1.78 b 2.84 士 1.59 b 57.3 士 14.6 b 
F 9.69 士 3.31b 3.50 士 0.99 b 101 士 143 b 
L 103 ±1.88 a 43.8 士 a 338 士 83.0 ab 
L+0.5P 103 ±18.7 a 40.1 ±5.87 a 419 士 28.2 ab 
L+P 113 ± 12.0a 35.1 ±11.5 a 428 士 131 a 
L+2P 116 士 16.7a 36.7 士 9.43 a 478 ± 119 a 
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acidifying process which increases soil acidity by releasing H+ to soil (Wong and 
Leung, 1989; Young et al., 2002). The irrigated leachate contained high 
concentration of NHx-N, which was susceptible to nitrification. Therefore, leachate 
irrigation would increase soil acidity. However, the soil pH of leachate irrigated 
soils increased slightly when compared with the water irrigated soil. Nitrification 
takes place at soil pH 6.4-8.3, but is inhibited at pH 4.6-5.1 (Li, 1997). The initially 
acidic pH suppressed nitrification taking place. Most of the N added remained as 
NH4+, which only slightly increased the soil pH of leachate irrigated soil. 
Unlike NH4+, NO3" and NO2' were negatively charged which would not be held 
by cation exchange sites of clay and organic colloids in soil (Fuller and Warrick, 
1986). In fact, NO3' moves vertically at about the same rate as water. Because of 
the great mobility, NO3" contamination of groundwater was a potential hazard for 
leachate-irrigated areas. The conversion of NH4+ to NO3" is also not favourable for 
plant N uptake. The positively charged NH4+ is passively absorbed whereas energy 
is required for NO3" uptake, because the surface of the root cells are negatively 
charged. In addition, NO3' has to be reduced to NH4+ before it can be assimilated 
by plants. Leaching of NO3" would contributes to leaching loss of cations, such as 
Ca2+ and Mg2+, which would decrease soil fertility. Leaching of basic cations 
would increase soil acidity which may further decrease soil fertility (Peterjohn et al., 
1996). 
3.3.5.3 Soil P 
Table 3.9 shows the amount of soil P remained after 90-day irrigation. Both 
the total P and available P remained in soil when leachate irrigation alone was nearly 
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the same as water irrigation alone. There was a large decrease in soil P after 90 
days. Decrease in the soil P content was probably due to plant removal, while 
leaching loss was insignificant because P was not remarkably mobile. This 
indicates that adequate P was not added to soil by leachate application. If there was 
no P amendment, P deficiency may occur in long term. The P remained for L+0.5P 
treatment was nearly the same as L treatment. This shows that nearly all the P 
added at this rate was removed by the plants. Both the total and available P 
remained in soil for the L+2P treatment was significantly higher (p < 0.05) than that 
of water-irrigated soil for all of the three species. This suggests that there was 
surplus supply of P to the plants. The excessive supply of P seems to be unavailable 
to plant growth. 
The plant did not respond to P amendment as much as expected. The P uptake 
yield was only significantly (p < 0.05) higher in case of L+2P treatment for H. 
tiliacues (Figure 3.6), in which 0.99 g of calcium superphoshate pof i (equivalent to 
0.244 g P pof 1) was added. The annual P requirement of a tropical ecosystem was 
estimated to be 36 kg ha ] (Bradshaw, 1983). The annual amount of P added in 
L+2P treatment was equivalent to 350 kg ha] , which was about 10 times of the 
estimated value. If there was no underestimation of the annual P requirement, there 
were two reasons accounting for the unresponsiveness of plants. The addition of N 
by leachate irrigation may have stimulated the plant growth which increased the P 
requirement. Furthermore, it was due to soil fixation of P. 
Plants mainly absorb P in soluble form of H2PO4" or HP04^", the levels of which 
depend on the soil pH. However, this soluble form of phosphate to which plants are 
accessible constitutes only small fraction of the soil P. Over 90% of soil P is 
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Table 3.9 Soil phosphorus content (mg kg' ') before and after 90-day of irrigation 
under different treatments. Different letters in a column represent a significant 
difference at p = 0.05 between different treatments among the same species 
according to Tukey' s HSD test. 
Species Treatment Available P Total P 
Eucalyptus citriodora Initial 0.72 ± 0.32 c 36.9 ± 3.43 abc 
W 0.91 ± 0.07 c 12.6 ± 6.28 d 
F 2.59 ± 1.67 ab 42.2 土 27.4 ab 
L 0.96 ± 0.12 c 14.3 ± 5.72 cd 
L+0.5P 1.09 士 0.20 c 26.0 士 5.34 bed 
L+P 1.44 ±0.20 be 3 9 . 3 ± 1 5 . 0 a b 
L+2P 2.81 士 0.68 a 54.0 ±18.8 a 
Hibiscus tiliaceus Initial 0.72 ± 0.32 d 36.9 ± 3.43 ab 
W 0.85 ±0.11 cd 16.9 ± 7.46 be 
F 1.44 ± 0.23 be 30.8 士 17.5 abc 
L 0.91 ±0.11 c 15.1 ± 5.50c 
L+0.5P 1.17 土 O.SObc 25.7 士 16.0 be 
L+P 1.81 ± 0.43 b 35.4 士 10.5 abc 
L+2P 2.86 ± 0.74 a 51.7 士 18.4 a 
Sapium discolor Initial 0.72 ± 0.32 c 36.9 ± 3.43 abc 
W 0.88 士 0.05 be 15.0 ± 5 . 9 4 d 
F 1.61 士 0.07 b 26.4 ±7.14 bed 
L 0.87 ±0.02 be 10.8 ± 5 . 9 6 d 
L+0.5P 0.69 ± 0.59 c 19.3 ± 6.70 cd 
L+P 1.57 士 0.15 b 38.5 ± 5 . 2 2 a b 
L+2P 2.51 ± 0.75 a 53.4 ±18.5 a 
9 9 
non-labile which is not immediately available to plants (Tisdale et al., 1993). 
Non-labile P involves primary phosphate, mineral and humus P, insoluble phosphate 
of Ca, Fe and Al and P fixed by hydrous oxides and silicate minerals. Part of the 
fixed phosphate exhibits a high dissociation rate and rapidly replenishes P in soil 
solution, which is made up of labile part. This includes organic P, occluded P, 
sparingly soluble phosphates of Ca, Fe and Al and phosphates adsorbed by hydrous 
oxides of Fe and Al. Depletion of the labile P fraction would make some non-labile 
P becoming labile at slow rate (Mengel and Kirkby, 2001). Thus, the soil P cycle 
would be simplified as follows: 
Soil solution ^ ^ labile P m • non labile P 
Soil pH plays a critical role in determining the labiality of P in soil. The 
optimum pH for phosphate availability is very narrow at about 6.5 (Figure 3.7). 
Phosphate is precipitated by Al and Fe and/or adsorbed to the surface of Fe or Al 
oxide and clay when pH < 6.5, but it would be precipitated by Ca at pH > 6.5 
(Tisdale et al., 1993; Mengel and Kirkby, 2001). 
In this study, soil pH of all treatments was below 5.8, which is below the pH for 
optimal P availability. A significant portion of the P added would be precipitated by 
the Al and Fe oxides. This was reflected by a slight increase in soil available P 
content, but a much greater increase in total P content in the P amendment treatments; 
over 50% of P added was fixed by soil in case of L+P and L+0.5P treatments. As a 
result, the effect of the P amendment was not as obvious as expected. 
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Figure 3.7 Soil pH effect on P adsorption and precipitation (Tisdale et al., 1993). 
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3.3.5.4 Addition of lime or gypsum 
The availability of P decreases if the soil acidity increases. It was common to 
use lime (CaCOs) and gypsum (CaS04) to ameliorate soil acidity in agricultural 
practice. It has been shown that the recovery of P applied via fertilizers increases if 
there was a supply of lime (Table 3.10). Since lime and gypsum are cheaper, it 
would reduce the cost of P fertilizer application by increasing uptake efficiency. 
Furthermore, application of lime or gypsum can ameliorate Ca^ "^  imbalance induced 
by soil salination. However, further studies should be taken to investigate whether 
there is any adverse effect on increasing soil pH accompanying with leachate 
irrigation, particularly NH3 toxicity. At high soil pH, NH4+ will be converted to 
NH3 which is more toxic to plants (Findenegg, 1987). 
3.4 Conclusions 
The amount of N provided by leachate irrigation was much more than the 
requirement of the trees seedlings as indicated by the elevated foliar N and soil N 
contents after 90-day irrigation of leachtate. Excessive N application may pose a 
hazard for groundwater pollution because of leaching. Leachate irrigation would 
increase soil EC, although it did not elevate to problematic level in this study. 
Nitrification would increase leaching further, and soil acidity which decreased soil 
fertility. Addition of P to soil did not affect soil retention and speciation of N. 
The effects of P amendment on leachate-irrigated plant were far from being 
effective. Plant growth was not enhanced significantly by adding P to soil in which 
the amount of P was equivalent to 10 times of plant requirement. This is probably 
due to the increased P requirement by the N stimulated plants, and a considerable 
part of P added was fixed by the soil due to soil acidity. Addition of lime or 
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Table 3.10 Percentage recovery of phosphate fertilizer from long term field trials 
under different application of lime. Recovery is represented by the P uptake of the 
crop and change in soluble phosphate in soil (Mengel and Kirkby, 2001). 
Lime status Recovery (%) 
Very well supplied with lime 80 
Well supplied with lime 70 
Moderately supplied with lime 65 
Poorly supplied with lime 60 
Poorly supplied with lime and dry location 80 
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gypsum is desirable to ameliorate the soil acidity and hence increase P availability. 
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Chapter 4 Responses in plant growth and soil biology to prolonged 
landfill leachate irrigation 
4.1 Introduction 
Although leachate irrigation would pose a potential risk of toxicity to soil 
microorganisms which may lead to reduction in microbial degradation of pollutants 
(Smith et al., 1999), there is little information on how the soil microbial activities 
would be affected. Soil microorganisms are interrelated with the ecosystem and are 
involved in numerous soil cycling and degradation processes. Chemical analysis 
only gives a static view on ecosystem, but has no indication of adverse changes of 
the soil system. However, most previous works focused on the response of the 
leachate-irrigated plants, and the chemical impacts on soil and groundwater. 
Soil is an important component of ecosystem in which decomposition processes 
and a significant proportion of energy flow taking place (Rapport et al., 1997). 
Soil quality was defined as the capacity of soil to function within ecosystem and 
landuse boundaries to sustain biological productivity, maintain environmental quality 
and promote plant, animal and human health (Doran and Parkin, 1997). Soil health 
was defined as the ability of soil to perform or function according to its potential 
(Doran and Safley, 1997). Measuring soil quality and health give an assessment on 
soil degradation. Soil degradation, to certain extent, reflects the deterioration of the 
ecosystem. However, it is difficult to assess the disturbance at the ecosystem level 
by simply recording the presence or absence of particular species, because the 
removal of particular species would be replaced by other species with similar 
function. Therefore, assessing the processes correlated to the disturbance would be 
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valuable (Christensen et al., 2001). Assessing soil quality and health would also be 
difficult, because soil performs multiple functions. As a result, monitoring a single 
indicator is insufficient to assess soil health. However, it is impractical to measure 
all processes in the soil. To compromise, we must focus on the processes that are 
the key to indicate the soil health (Elliott, 1997). 
Microbiological and biochemical status of soil are suggested to be a sensitive 
and early indicator of ecological stress (Badiane et al., 2001). As a result, soil 
enzyme activities could act as an integrative index of the soil biological status 
(Eivazi et al., 2003). Soil enzymes are mostly extracellular which are originated 
from microbes, root exudates or decomposition of roots and microflora. They are 
produced for the degradation of large molecules for plant and microbial absorption, 
and catalyse the rate determining soil functions such as organic decomposition, 
nutrient cycling and detoxification of xenobiotics (Rossel et al., 1997). Soil enzyme 
activities are considered as the early and sensitive indicators to measure the pollution 
impacts on soil (Dick and Tabatabai, 1992). Intracellular enzymes, such as 
dehydrogenase and catalase, are the enzymes which are only found within viable 
cells, because their degradation in soil is rapid once they are released due to cell 
lyses (Rossel et al., 1997). Hence, intracellular enzyme activities are a good 
indicator of the soil microbial activities. 
This study aimed to determine the response of soil-plant ecosystem to leachate 
irrigation. Accumulation of pollutants in soil with leachate irrigation was 
determined. The impacts of leachate irrigation on nitrification and soil enzyme 
activities were measured. Urease and phosphatase were chosen for assessing the 
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impacts of leachate irrigation on N cycle and P cycle respectively. Dehydrogenase 
was chosen for giving a general indication on microbial activity. Nitrification rate 
and N leaching were used as the diagnostic basis for N saturation. The potential 
impacts on groundwater contamination were also evaluated by analyzing the soil 
percolate collected from soil columns. Assessing the impacts of leachate irrigation 
on soil quality and health is important for the sustainable management of landfill 
leachate irrigation. 
4.2 Materials and Methods 
4.2.1 Leachate sampling and collection 
Landfill leachate samples were collected from the WENT Landfill in Feb 2004. 
The samples were stored by 10 L air tighted PVC container at 4°C. Chemical 
analyses were done using the methods as mentioned in Chapter 2. 
4.2.2 Soil column design 
Soil columns were made up of PVC cylinders with i.d. of 15 cm and height of 
65 cm. A drainage tube was mounted to the base of each column which was 
connected to a 1 L PE bottle by plastic tubing for percolate collection. 
4.2.3 Plant establishment 
Hibiscus tiliaceus was selected in this experiment because it grew well under 
leachate irrigation according to the results obtained in previous experiments 
(Chapters 2 and 3). Seedlings with height of 20-30 cm were collected from a local 
landscaping firm. The seedlings were transplanted to the column with soil filled up 
to 60 cm depth. Soil used for this study was collected from the campus of CUHK 
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as in the previous chapters. Seedlings were acclimated in a greenhouse for 2 weeks 
before leachate application. 
4.2.4 Leachate application 
Twenty-one mm of 5% (v/v) leachate or equivalent amount of tap water were 
applied to the soil surface of the PVC columns 3 times a week. The amount applied 
was determined as in Chapters 2 and 3. Each treatment had 5 replicates which were 
arranged in randomized blocks in a greenhouse (Plate 4.1). 
4.2.5 Soil and plant analysis 
Plant growth parameters were measured as Chapter 2 at 5 weeks interval. 
Five seedlings were harvested initially to estimate the initial biomass and foliar 
contents. At Weeks 5, 10, 20 and 40, 5 seedlings irrigated by water or leachate 
were harvested. Soils were sampled with the help of a 2 cm i.d. driller at the depth 
of 5, 10, 30 and 50 cm. These columns were disposed of after plant and soil 
sampling. 
Plant samples were processed and analyzed as mentioned in Chapter 2. Soil 
samples were air-dried and sieved for chemical analysis as described in Chapter 3. 
Additional parameters including soil texture, soil organic matter (SOM) and soil CI" 
content were determined in this study. Fresh soil samples were stored at 4 °C for 
the determination of soil enzyme activities and nitrification as soon as possible. 
4.2.5.1 Soil texture 
Soil texture was measured by the Bouyoucos hydrometer method which 
1 0 8 
Plate 4.1 Soil columns arranged in randomized blocks in a greenhouse. One liter 
PE bottles were connected to the drainage tube of each column by a plastic tubing for 
percolate collection. 
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measures the change in density of a soil suspension as the particles settle (Allen, 
1989; Grimshaw, 1989). Air-dried soil was dispersed with 5% sodium 
hexametaphosphate (Calgon solution) and water. The hydrometer readings were 
taken at 4 m 48 s for silt and clay contents and 5 h for clay content. The sand, silt 
and clay contents were expressed as percentages by weight and textural class was 
determined following the classification of the International Society of Soil Science. 
4.2.5.2 SOM 
Soil samples were oxidized by acidified KiCr�。？ in volumetric flasks followed 
by volume make-up. Absorbance was measured at 520 nm by spectrophotometer 
on the following day. 
4.2.5.3 Soil chloride content 
Chloride was measured by SAN户ana lyzer after extraction of the soil samples 
with Ca(N03)2 shaken for 30 min (Soil and Plant Analysis Council, 2000). 
4.2.6 Soil enzyme activity and nitrification analysis 
4.2.6.1 Dehydrogenase 
Mixture of soil and CaCOs was incubated at 37°C for 24 h with 
2,3,5-triphenyltetrazolium chloride (TTC). Methanol was then added to the matrix 
and the mixture was shaken for 1 min to extract the triphenyl formazan (TPF) formed. 
The mixture was filtered and diluted to 100 ml with methanol. Absorbance of the 
diluted extracts was measured at 485 nm by an spectrophotometer (Tabatabai, 1982). 
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4.2.6.2 Phosphatase 
Tris(hydroxymethyl)aminoethane buffer (Tris buffer) (pH = 6.5) was added to 2 
sets of soil samples for determination of acidic phosphomonoesterase. Sodium 
bis(p-nitrophenyl) phosphate, which acted as substrate, was added to 1 set of soil 
sample; another set acted as blank. Sodium bis(p-nitrophenyl) phosphate was 
added to the blank after incubation for 1 h at 37°C. The matrix was filtered and 
absorbance was measured at 400 nm by spectrophotometer. The amount of 
p-nitrophenol formed was obtained after subtracting the p-nitrophenol determined in 
the blank. 
For the alkaline phosphomonoesterase, the method was the same as for acidic 
phosphomonoesterase except the tris buffer was at pH 12 (Schinner et al., 1995). 
4.2.6.3 Urease 
Disodium tetraborate buffer (pH = 10) was added to two sets of soil samples. 
Urea, which acted as substrate, was added to one set of soil sample, while the other 
set acted as blank. Urea was then added to the blank after incubation for 2 h at 
37°C. NH4+ formed was extracted by KCl and determined by a SAN户〜"analyzer. 
Urease activity was obtained by subtracting the NH4+ formed during 2 h incubation 
from the amount of NH4+ found in blank (Schinner et al., 1995). 
4.2.6.4 Nitrification 
(NH4)2S04 and NaClO were added to two flasks contained the same soil sample. 
One of them was incubated at 25°C, while the other was incubated at -20°C (blank) 
for 5 h. The blanks were thawed after incubation. NO2" formed was extracted by 
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KCl. Ammonium chloride buffer (pH = 8.5) and colour reagent (mixture of 
sulfanilamide and N-( 1 -naphthyl)-ethylenediamine) was added to the extract after 
filtration. The absorbance of the filtrates was measured at 520mn. Nitrification 
rate was calculated by subtracting the NO2' formed during 2 h incubation from that 
found in blanks (Schinner et al., 1995). 
4.2.7 Percolate 
Percolate samples were collected on the following day from each columns after 
leachate application. Once they were collected, their volumes were measured and 
were stored at 4°C. Percolate samples collected were pooled for the first 2 weeks 
and then pooled every 5 weeks for analysis. They were analyzed for pH, EC, total 
N and P, extractable N and P and CI" as the same methods for leachate as mentioned 
in Chapter 2. 
4.2.8 Statistical analysis 
Statistical differences for plant growth parameters, biomass and tissue contents 
between water- and leachate-irrigated plants were determined by t-test. Their 
differences among different harvests were analyzed by analysis of variance 
(ANOVA). Statistical differences of soil contents, soil enzyme activities and 
nitrification rate between water- and leachate-irrigated column collected at the same 
depth was determined by t-test. Their difference among different soil depth and 
time was analyzed by ANOVA. Correlation analysis was performed to determine 
the relation between different soil activities and soil chemical parameters. All the 
statistical analyses were carried out by the software Statistical Package for Social 
Science (SPSS) version 12. 
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4.3 Results and Discussion 
4.3.1 Leachate 
Table 4.1 shows the chemical characteristics of leachate used in this experiment. 
Leachate used in this experiment was of higher strength when compared with that 
used in Chapter 2, which was due to lower rainfall and hence less diluting effects 
during the dry season. 
4.3.2 Plant 
4.3.2.1 Plant growth 
Similar to the results obtained in Chapter 2, the increments in tree height, 
standing leaf number and basal diameter were higher in the leachate-irrigated 
seedlings (Figure 4.1). The growth rate (represented by the slope of the graph) for 
both water- and leachate-irrigated seedlings decreased with time. Decrease in 
growth rate was probably due to the decrease in temperature and solar radiation after 
Week 20 (Figure 4.2). Decrease in supply of nutrients also accounted for the 
decrease in growth rate of water-irrigated seedlings. Limited supply of P could also 
decrease the growth rate of leachate-irrigated seedlings. Standing leaf number even 
started to decrease after Week 20 for both water- and leachate-irrigated seedlings. 
In fact, leaf burnt was observed after 20 weeks in the leachate-irrigated seedlings 
(Plate 4.2). This indicates stress was experienced by the plant after leachate 
irrigation for Week 20. The stress may be due to the increase in soil EC as the 
ionized species such as NH4+, NO3" and CI" accumulated. Chlorophyll degradation 
or complete chlorosis occurred in leaves of willow (Cureton et al., 1991) and red 
maple seedlings (Shrive and McBride, 1995) after leachate irrigation. These 
symptoms were induced by somatically-induced moisture deficit from the salinity of 
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Chemical oxygen demand (COD) 9450 士 265 
Total organic carbon (TOC) 3570 士 20.5 
Total Kjeldahl nitrogen (TKN) 4680 ± 42.3 
Ammoniacal nitrogen (NH4-N) 4560 ± 110 
Oxidized nitrogen (NOx-N) <1.00 
Total phosphorus (TP-P) 41.6 ± 1.7 
Orthophosphate phosphorus (PO4-P) 17.5 ± 0.23 
Chloride (Cr) 3290 ± 366 
Soluble metals 
Na 2700 ±11.0 
K 1860 ±5.70 
Ca 13.2 ±0.06 
Mg 92.8 ±0.58 
Cd 0.05 ±0.01 
Cr 0.41 士 0.07 
Fe 20.4 ±0.07 
Ni 0.06 士 0.07 
Pb 0.14 士 0.18 
Zn 1.28 ±0.03 
All units are in mg L ] except pH (no unit) and EC( mS cm'^) 
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Figure 4.1 Growth parameters increment (%) in (a) tree height; (b) standing leaf 
number and (c) basal diameter of Hibiscus tiliaceus over 40 weeks irrigation of water 
( • ) and leachate ( • ) . Error bars denote the standard error of 5 replicates. 
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Figure 4.2 Weekly air temperature and solar radiation measured in Hong Kong 
during the experimental period (Hong Kong Observatory, 2005). 
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Plate 4.2 Leaf burnt observed in leachate-irrigated seedlings at Week 20. 
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leachate (Shrive and McBride, 1995). Leaf fall for the water-irrigated seedlings 
was probably due to nutrient deficiency. 
The stimulating effects of leachate irrigation on the plant productivity did not 
occur until Week 5 (Figure 4.3). Similarly, increase in biomass production slowed 
down after 20 weeks. However, the difference in the biomass between the water-
and leachate-irrigated seedlings seems to increase (from 1.26 times at Week 5 to 1.96 
at Week 40). This indicates that the nutrient deficiency status of water-irrigated 
seedlings become worse, which even overrode the adverse effects of leachate 
irrigation due to salt accumulation after Week 20. 
4.3.2.2 Tissue contents 
The foliar N content of the leachate-irrigated seedlings was significantly (p < 
0.05) higher than water-irrigated ones at all the times (Figure 4.4). It was consistent 
with the results obtained in Chapters 2 and 3, in which elevated foliar N content 
indicates the increased supply of readily absorbable N (both NHx-N and NOx-N) by 
leachate irrigation. There was no significant (p > 0.05) increase in foliar N from 
Week 20 to Week 40 and the foliar N remained at about 2.5%. Excess supply of N 
would be leached, unless more biomass was produced to fix it. 
Foliar P content of leachate-irrigated seedlings was significantly (p < 0.05) 
lower than water-irrigated seedlings after Week 10 (Figure 4.5). Since the biomass 
of leachate-irrigated seedlings was significantly higher than water-irrigated seedlings 
after Week 10, the decrease in foliar P content was due to dilution effects. P 
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Figure 4.3 Biomass of Hibiscus tiliaceus over 40 weeks irrigation of water ( • ) and 
leachate ( • ) . Error bars denote the standard error of 5 replicates. 
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Figure 4.4 Foliar nitrogen content of Hibiscus tiliaceus over 40 weeks irrigation of 
water ( • ) or leachate ( • ) . Error bars denote the standard error of 5 replicates. 
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Figure 4.5 Foliar phosphorus content of Hibiscus tiliaceus over 40 weeks irrigation 
of water ( • ) or leachate ( • ) . Error bars indicate the standard error of 5 replicates. 
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for water-irrigated seedlings also decreased gradually as the soil used in this study 
did not provide adequate P for plant growth in the long term. 
4.3.3 Soil 
4.3.3.1 Soil texture 
Soil used in this experiment contained 10.5% clay, 15.5% silt and 74.0% sand, 
which belong to sandy loam according to the classification of International Society 
of Soil Science. Sandy soil was less effective in pollutant attenuation, for example 
in removing salinity, TKN, COD, heavy metals and phytotoxicity when compared 
with loamy and clay soil (Wong et al., 1990; Jiang, 2000). Since sandy soil has 
larger particles size, it has less cation adsorption sites for pollutant removal. In 
addition, sandy particles have less surface area to adsorb pollutants and 
microorganisms for biodegradation (Garcia and Hernandez, 1996; Cookson, 1999). 
The microbial activities would be more susceptible to the impacts of soil 
contamination. However, loosely packed structure of sandy soil provides excellent 
drainage and aeration for the growth of root and microbial population. 
4.3.3.2 pH and EC 
There was a decrease in soil pH after water and leachate irrigation (Figure 4.6). 
Increase in soil acidity was believed to be related to the presence of vegetation. The 
root system of the seedlings provided a favourable environment for the microbial 
growth. The release of CO2 by root and microbial respiration increase soil acidity 
(Rowell, 1994). Besides, irrigation would increase the leaching of basic cation such 
as Mg2+ and Ca^^. 
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Figure 4.6 Soil pH at different soil depth after irrigation of water ( • ) or leachate ( • ) 
for 5, 10, 20 and 40 weeks. The broken line represents the initial soil pH. Error 
bars show the standard deviation of 5 replicates. 
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pH of leachate-irrigated soil decreased with time to a greater extent. Leachate 
irrigation introduced large amount of NH4+ to soil, which increased nitrification. 
Since nitrification is an acidifying process, the soil pH of leachate-irrigated column 
decreased substantially. 
The soil EC of water-irrigated soil decreased, because of removal of soluble 
salts by the plants and leaching (Figure 4.7). The soil EC of leachate-irrigated soil 
increased significantly because of the introduction of soluble salts from leachate and 
mineralization of introduced organic matter in leachate. Increment in soil EC 
implies that the supply of nutrients exceeded plant requirement. The soil EC was 
higher at the upper layer, which indicates that most of the soluble salts were retained 
at the surface layer. It was because soluble ions in leachate was absorbed or 
adsorbed by roots before they moved to deeper soil. The upper layer of soil stopped 
accumulating soluble salts after Week 20 as the soil EC of the top 10 cm soil 
remained at about 1.0 mS cm'^ indicating that the soil was saturated with the salts. 
4.3.3.3 Soil N 
Both NHx+-N and NOx'-Ncontents of water-irrigated soil remained 
unchanged throughout the experiment, but there was a substantial increase for the 
leachate-irrigated soil (Figures 4.8 and 4.9). 
Soil NOx-N content was originated from the nitrification of leachate NHx-N 
which required the supply of oxygen. NHx+-N content was the lowest at the depth 
of 5 cm with adequate aeration, which was nitrified to NOx-N, as indicated by high 
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Figure 4.7 Soil Electrical Conductivity at different soil depth after irrigation of water 
( • ) or leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents the 
initial soil electrical conductivity. Error bars show the standard deviation of 5 
replicates. 
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Figure 4.8 Soil ammoniacal nitrogen content at different soil depth after irrigation of 
water ( • ) or leachate ( • ) for 5, 10，20 and 40 weeks. The broken line represents 
the initial NHx-N content in the soil extract before irrigationl. Error bars show the 
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125 
N C V N ( m g k g - i ) 
0 50 100 150 200 250 300 
0 ‘ ‘ 1 ‘ 1 I 
f 1 � ！ 〒 
^ 20 - \ Week 5 
& \ 
-o 30 t | i ~ i 
"s / 
仏 4 0 / 
50 ^ • 
0 50 100 150 200 250 300 
0 1 1 1 1 1 I 
官 10 I 
I 20 - / Week 10 
& / 
；2 30 I f ~ i 
^ 40 - / 
50 i 二 
0 50 100 150 200 250 300 
0 1 1 1 ‘ 1 1 
百 l o f 
县 2 � . / Week 20 
t 30 / 
iS 40 - \ 
50 A i 
0 50 100 150 200 250 300 
0 1 1 1 1 1 I 
百 1 � I ^ ^ ^ ^ ^ ^ 
^ 20 - ^ ^ W e e k 40 




Figure 4.9 Soil oxidized nitrogen content at different soil depth after irrigation of 
water ( • ) or leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents 
the initial NOx-N content in soil extract before irrigation. Error bars show the 
standard deviation of 5 replicates. 
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soil NOx-N content, at the upper layer of the column. Since aeration decreased with 
soil depth, nitrification also reduced with soil depth. Most of the extractable N 
remained in the form of NHx-N at the deeper layer of the soil column. As a result, 
there was an increase in soil NHx-N content but decrease in NOx-N content with soil 
depth. Lower soil NHx-N content at the surface layer can also be explained by plant 
uptake, as positively charged NH4+ was more energetically favourable to be taken up 
by the negatively charged root cell surface. Accumulation of NOx-N and increase 
in soil pH began to inhibit nitrification after Week 20. Therefore, the stratification 
of soil NHx-N content diminished after Week 20. 
4.3.3.4 Soil P 
Figure 4.10 shows the soil P content at different soil depth. There was no 
significant difference (p > 0.05) in soil P content between the water- and 
leachate-irrigated columns. As discussed in Chapter 3, leachate irrigation only 
provided limited amount of P to soil. It would not elevate the soil P content. 
There was also no clear stratification of P in soil due to the low P content added from 
leachate and the unavailability of P to plants. 
4.3.3.5 Soil CI 
Leachate irrigation enriched the soil with CI" (Figure 4.11). Most of the CI" 
added was retained in the upper layer of the soil column. The presence of roots 
increased the capacity of soil to retain CI". The amount of CI" remained in the soil 
column increased with time, which showed that accumulation of CI" in the 
leachate-irrigated column occurred. However, it seems that the maximum amount 
of c r that can be held by the soil used in this experiment was about 250 mg kg''. 
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Figure 4.10 Total phosphorus content at different soil depth after irrigation of water 
( • ) or leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents the 
initial soil phosphorus content before irrigation. Error bars show the standard 
deviation of 5 replicates. 
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Figure 4.11 Soil chloride content in soil extract at different soil depth after irrigation 
of water ( • ) or leachate ( • ) for 5, 10，20 and 40 weeks. The broken line represents 
the initial chloride content of soil before irrigation. Error bars show the standard 
deviation of 5 replicates. 
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There was no further increase in soil CI" content after Week 20, when the soil CI" 
content had achieved this level. The system was saturated with CI" after 20 weeks. 
A maximum of 250 mg kg of CI" was detected in of leachate-irrigated soil. 
Increase in soil CI" content was believed to limit the plant growth. Excessive CI" 
uptake would induce chlorosis, necrosis, depression in photosynthesis, premature 
leaf drop, defoliation, twig dieback and mortality (Shannon et al.，1994; Marschner, 
1995). When the CI" concentration exceeded 245.5 mg k g ' \ the sustainable growth 
and development of Salix viminalis were affected by decreasing its 
evapotranspiration (Stephens et al.,2000). In addition to CI" toxicity, the presence of 
c r affected plant growth by suppressing NO3" uptake. Suppression is due to the 
competitive effects which leads to N deficiency (Wallace and Berry, 1981). Plants 
depending on NO3" as N source were less affected by CI" toxicity, because less CI" 
was absorbed (Cerda and Martinez, 1988). However, soil NOx-N content was 
elevated as a result of leachate irrigation and the adverse impact of CI" to plants was 
relieved. 
4.3.3.6 Soil organic matter (SOM) 
Soil used in this experiment was initially low in organic matter (Figure 4.12). 
There was no significant difference (p > 0.05) in SOM between soil irrigated by 
water and leachate. Although the leachate contained high COD and TOC (Table 
4.1), leachate irrigation did not increase SOM, as the organic compounds in leachate 
were readily mineralized under aerobic condition. SOM increased at the top soil 
layer, while it remained unchanged at the bottom layer for both water- and 
leachate-irrigated columns. This indicates that vegetation growth was the major 
130 
SOM (%) 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
0 1 1 1 1 1 I I 
官 10 - I " 
i 20 - I 
& Week 5 
；1 30 T ^ 
o 
^ 40 -
50 L JL 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Q 1 1 1 1 1 1 I 
& 30 - ^ ^ Week 10 
• A 
Si 40 -
50 L i - . 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Q I 1 1 1 1 I I I 
1：：：! ^ ^ ^ ^ ^ ^ 
U l ^ C ： ^ Week 20 
-o 30 
I I 
^ 40 - i | 
50 L 11 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Q I 1 1 1 1 I I I 
110 - i 
^ 20 Week 40 
1：! 
50 L L 
Figure 4.12 Soil organic matter content at different soil depth after irrigation of water 
( • ) or leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents the 
initial soil organic matter before irrigation. Error bars show the standard deviation 
of 5 replicates. 
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factor attributed to the increase in SOM. Increase in SOM can improve soil 
characteristics such as water holding capacity and cation exchange capacity (Lai et 
al., 1999), which is beneficial for both the survival and growth of the microbial 
community. Besides, increase in SOM can increase the ability of the soil to 
attenuate pollutants, because the number of functional groups for complexing with 
and immobilizing the pollutants increased with the SOM (LaBauve et al., 1988). 
Higher organic matter content at the surface also accounted for higher EC and CI" 
contents on the surface layer. 
4.3.4 Soil enzymes and nitrification 
4.3.4.1 Dehydrogenase 
Dehydrogenases are a group of endocellular oxidoreductase which catalyze the 
dehydrogenation process. Dehydrogenase activity gives a measure of soil oxidative 
power. In addition, they give a measure of the number of viable microbial cells and 
microbial activities (Madejon et al., 2001; Gianfreda et al., 2005). It had been 
proven by other researchers that the activity was linearly correlated with the 
microbial biomass (Chander et al., 1998). The process for dehydrogenation 
catalyzed by dehydrogenase can be summarized as follows: 
XH2 + A">X + AH2 
where, XH2 is the H donor and A is the H acceptor. NAD and NADP are the H 
acceptor found in the cells. For determination of dehydrogenases activity 
determination using TTC, TTC acts as H donor which is oxidized to red methanol 
soluble TPF as follows: 
132 
OHN — NasssC _ N = s N 
I I I 
O 丁 『 ' j u i . 0 0 0 +HCI 
N N 




Li and Zhao (1999) showed a decrease in dehydrogenase activity with increase 
in NHx-N concentration in synthetic wastewater. However, there was no evidence 
for the decrease in dehydrogenase activity with soil NHx in this experiment In fact, 
dehydrogenase activity increased after water and leachate irrigation (Figure 4.13). 
Higher nutrient and water contents have favourable effects for bacterial population 
growth. Besides, enzyme activity was increased by vegetation. Soil enzyme 
activities increase proportionally with plant cover (Garcia, 2002). Vegetation 
provides a better environment for microbial growth (Maurice et al., 1998). 
Dehydrogenase activity was higher at the surface where higher SOM content was 
found for the growth and protection of the microorganisms. In addition, better 
aeration at the surface would support a higher microbial population. 
Although leachate irrigation provided a better plant growth over water 
irrigation, it did not increase dehydrogenases activity significantly (p > 0.05). It 
was because dehydrogenases were endocellur enzymes which were not originated 
from plants. The nutrients and toxicants provided by leachate seem not to affect the 
survival of soil microorganism. The dehydrogenase activity declined for both 
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Figure 4.13 Dehydrogenases activity at different soil depth after irrigation of water 
( • ) or leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents the 
dehydrogenases activity of the soil without irrigation. Error bars show the standard 
deviation of 5 replicates. 
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water- and leachate-irrigated columns after Week 20. Decrease in dehydrogenase 
activity may be due to decrease in the microbial population and activities declined as 
the ambient temperature decreased after Week 20. 
4.3.4.2 Phosphatase 
In soil, a considerable part of P was bound in organic phosphoric acid ester in 
the form of phytanic acid and phytin. Plant P uptake requires mineralization of 
organic P to orthophosphate. Phosphatases are a group of enzymes that hydrolyzes 
the ester and anhydride of phosphoric acid to generate phosphate. They involve 
phosphomonoesterase, phosphodiesterase, phosphotriesterase, polyphosphoesterase 
and enzymes that act on the P-N bonds. 
Figures 4.14 and 4.15 show water- or leachate-irrigated soil of the acid and 
alkaline phosphatase activities respectively. Phosphatase activities increased for 
both water- and leachate-irrigated column. Increase in phosphatase activity was due 
to the presence of vegetation. There was generally higher activity for the 
leachate-irrigated column which indicates leachate irrigation would stimulate the 
phosphatase activity as it provided more nutrients for the microbial growth. In 
addition, leachate irrigation promoted plant growth which increased the amount of 
enzyme originated from plant. Acid phosphatase activity was much higher than 
alkaline phosphatase as the soil pH was acidic (Figure 4.6) which was near to the 
optimum pH of the acid phosphatase (Sardan and Penuelas, 2005). Similar to 
dehydrogenase activity, higher phosphatase activities was found at the surface layer 
and there was a decline in activities after Week 20. 
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Figure 4.14 Acid phosphatase activity at different soil depth after irrigation of water 
( • ) or leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents the acid 
phosphatases activity of the soil before irrigation. Error bars show the standard 
deviation of 5 replicates. 
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Figure 4.15 Alkaline phosphatase activity at different soil depth after irrigation of 
water ( • ) or leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents 
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standard deviation of 5 replicates. 
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4.3.4.3 Urease 
Urease catalyses the hydrolysis of urea to NH3 and CO2 as follows: 
NH2CONH2 + H2O + 2NH3 + CO2 
They play an important role in N mineralization (Gianfreda et al., 2005). 
Ureases are extracellular enzymes which are adsorbed onto the clay surface or the 
humic molecules. They originate from plant litter, living or dead root, 
microorganisms and animals (Cookson, 1999). Therefore, high activity was found 
on the surface where higher SOM was found (Figure 4.16). 
Generally, urease activity of water-irrigated column was higher. High NH4+ 
content in soil, which is the product of the enzyme, would inhibit urease activity 
(Garcia-Gil et al., 2000). In fact, there was a negative correlation between soil 
NHx-N content and the urease activitiy (Table 4.2) which will be discussed in 
Section 4.3.4.5. It shows that N mineralization may be inhibited by leachate 
irrigation to certain extent. However, impact of N mineralization inhibition on the 
ecosystem is cancelled by the supply of substantial amount of available N by 
leachate irrigation. 
4.3.4.4 Nitrification 
Nitrification is the process by which Nitrosomonas spp. and Nitrobacter spp. 
obtain energy by oxidizing NH4+ to NO3" as follows: 
Nitrosomonas spp.: 3NH4+ + 2 O 2 2 N O 2 + 2H2O + 4H+ + energy 
Nitrobacter spp.: 2NO2" + O2 今 2NO2" + energy 
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Figure 4.16 Ureases activity at different soil depth after irrigation of water ( • ) or 
leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents the ureases 






































































































































































































































































































































































































































































































































































Nitrosomonas spp. are facultative aerobes, while Nitrobactex spp. are obligate 
aerobes (Li, 1997). Nitrification was suggested to be inhibited by NH3 because of 
its toxicity toward the microbe (Schmidt, 1982). Although leachate irrigation 
provided high NHx content, acidic soil did not favour the presence of NH3. 
However, if the soil are too acidic, nitrification would also be inhibited (Li, 1997). 
Nevertheless, there was no significant correlation (p > 0.05) between soil pH and 
potential nitrification rate in this study (Table 4.2). Acidic soil would inhibit 
nitrification, but the inhibitory effect was cancelled by the alkaline leachate with high 
NHx-N. There was a higher nitrification rate for the leachate-irrigated soil, 
although there was no significant correlation between nitrification rate and soil 
NHx-N content (Figure 4.17 and Table 4.2). An elevated nitrification rate was one 
of the symptoms of N saturation for an ecosystem (Magill et al., 2000). N 
saturation would eventually lead to forest decline (Aber, 1989). 
Soil nitrification activity is related to the number of nitrifying bacterium, where 
greater number of nitrifiers occur in soils with higher organic matter. There was a 
positive correlation between the nitrification rate and SOM (Table 4.2). In fact, a 
higher nitrification rate was detected on the surface layer where there was higher 
organic matter content. A higher nitrification rate on the surface layer was also 
related to better aeration, as the growth of nitrifiers requires oxygen. Nitrification 
rate of leachate-irrigated soil reduced after Week 20, which was probably due to 
inactivation and declined population of microbes as temperature dropped. Besides, 
accumulation of NOx-N may also inhibit nitrification. 
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Figure 4.17 Nitrification rate at different soil depth after irrigation of water ( • ) or 
leachate ( • ) for 5, 10, 20 and 40 weeks. The broken line represents the pH soil 
extract extracted from the initial soil. Error bars show the standard deviation of 5 
replicates. 
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4.3.4.5 Correlation analysis 
Soil pH was positively correlated to all soil activities, except nitrification 
(Table 4.2). Increase in soil acidity would inhibit microbial growth and decrease 
soil enzyme activities and processes (Lai et al., 1998; Hinojosa et al., 2004). 
Margesin et al. (2000) showed that soil pH was positively correlated to biomass-C 
and biomass-N which indicated soil acidity inhibited soil activities by inhibiting 
microbial growth. 
All the measured activities in this experiment except urease activity were 
positively correlated with EC. Similar relationship was found between soil CI" 
content and soil activities. This similarity was due to the high positively correlation 
(r = 0.930, p < 0.01) between soil CI" content and EC. It was surprise that enzyme 
activities and nitrification were positively correlated with EC and soil CI" content, as 
it contradicted with the results of other study that enzyme activity was inhibited by 
soil salinity (Garcia et al., 1994). The major effects of salinity toward soil 
biological activities were contributed by CI" due to its high solubility (Garcia and 
Hernandez, 1996); there would be a progressive adaptation in some of the 
microorganisms to the medium at low salinity (< 3 dS m"^) which led to increase in 
microbial activities with salinity. Soil EC in this experiment was well below 3 dS 
m-i after 40-week irrigation. The soil microbes would be able to adapt to the 
increasing salinity. This probably explained why there was a positive correlation 
between soil EC and biological activities. Negative correlation between urease 
activity and soil EC was probably due to the feedback inhibition of NH4+, as NH4+ 
was positively correlated to soil EC (r = 0.642, p < 0.01) but negatively correlated to 
urease activity (r = -0.254, p < 0.01). 
143 
Positive significant correlations (p < 0.05) were found between all soil 
activities and SOM. Significantly positive correlations between enzyme activities 
and SOM found in this experiment were consistent with the findings of other studies. 
Eiviazi et al. (2003) found that urease, acid and alkaline phosphatases were 
positively correlated to organic C in soil. Madejon et al. (2001) showed that 
dehydrogenase and urease activities had positive correlations with soil total organic 
carbon. It was suggested that SOM would increase soil structure stability which 
increases microbial biomass and hence the soil biological activities (Eivazi et al., 
2003). SOM provides a surface for enzymes to bind, which protects them from 
inhibition of adverse conditions (Cookson, 1999). Besides, increase in SOM would 
increase nutrient availability to the soil microbial biomass which would also increase 
soil enzyme activity (Marinari et al., 2000). 
Phosphatase activity was positively correlated to NOx-N, NHx-N, total N and 
total P and dehydorgenases activity was positively correlated to total N and total P. 
Increase in nutrient content would stimulate both plant and microbial growth which 
increased enzyme activities (Marinari et al., 2000; Eivazi et al., 2003). Urease 
activity was negatively correlated with NOx-N. It has been suggested that high 
NOx-N content in the soil would inhibit dehydrogenase activities (Lai et al., 1998). 
There was no inhibition on dehydrogenase activity by NOx-N, but urease activity was 
inhibited in this study. 
4.3.5 Percolate 
Volume of percolate collected was insufficient to be analysed after Week 30 
(Figure 4.18). Decrease in percolate volume indicated an increase in 
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Figure 4.18 Temporal variation in the volume of column percolates during 40 week 
irrigation with water ( • ) and diluted leachate ( • ) . Error bars show the standard 
deviation (only the upper bar is shown) of 5 replicates. 
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evapotranspiration rate of the seedlings which were related to the increase in water 
requirement of the plant and decreased in relative humidity as winter was 
approaching. 
Attenuation by the soil-plant system prevents the hydrologic cycle within the 
irrigated area from contamination (Mcbride et al., 1989). Analyzing percolate 
characteristics provides information on the capacity of the soil-plant system to 
remove and attenuate contaminants. This also provides data for the evaluation of 
the potential hazards for groundwater contamination. pH of the percolate collected 
from both water- and leachate-irrigated columns were nearly neutral. This indicates 
that no acidic or alkaline species was leached from the columns (Figure 4.19). 
Decrease in percolate pH, compared with the alkaline leachate, could be explained 
by soil cation exchange, H+ ions released due to nitrification, and organic acid 
production during decomposition of SOM (Wong et al., 1990). However, EC of 
peroclate collected from leachate-irrigated columns was much higher than 
water-irrigated columns (Figure 4.19). This shows that ionised species were 
leached from the leachate-irrigated columns. EC of percolated collected from 
leachate-irrigated column increased from Week 5 and reached a plateau in Week 20. 
Increase in the percolate EC of the leachate-irrigated columns indicates that the 
attenuation capacity of the soil-plant system decreased. The occurrence of the 
plateau implies that the attenuation capacity of the soil plant system was saturated at 
Week 20. Similar patterns were obtained for both CI" and NOx-N (Figures 4.19 and 
4.20). It implies that the both CI' and NOx-N contributed to the increase in 
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Figure 4.19 Percolate chemical properties: (a) pH; (b) electrical conductivity and (c) 
chloride of water ( • ) or leachate ( • ) irrigated column over 40 weeks. Error bars 
indicate the standard deviation of 5 replicates. 
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There was a reduction in EC (1.24 to 0.50 mS cm"^) and CI" content (165 to 
48.0 mg L"^) when comparing the irrigated leachate with percolated collected at the 
first 5 weeks. It was due to plant absorption and the retention of the soluble salts by 
the soil particles when passing through the soil column. However, percolate CI" 
content was even higher than leachate (165 mg kg"^) after Week 10. Increase in CI" 
concentration in percolate was due to reduction of volume by evapotranspiration 
or/and leaching of CI" originally present in soil. Similar observation was also 
applied to EC and other ionised species. 
Large amount of N was determined in the percolate collected from the 
leachate-irrigated columns (Figure 4.19). Leaching loss of N from the rooting zone 
to the percolate represents wastage of essential resources and risk of groundwater 
pollution (Broadbent and Reisenauer, 1985). 
For the leachate-irrigated columns, the concentrations of NOx-N in percolates 
were much higher than those of NHx-N, as N O ; was negatively charged, and would 
not be held by the cation exchange sites of the soil as NH4+. Therefore, NOx-N was 
readily leached when compare with NHx-N. In addition, nitrification would also 
reduce the amount of NHx-N and increase the amount of NOx-N. The presence of 
soluble N in the percolate indicates a potential hazard for eutrophication of 
downstream area. Groundwater contaminated with NOx makes it unsuitable for 
drinking, since NO2" is highly toxic to many organisms (Schmidt, 1982). The 
reduction of NO3" to NO2" in the digestive tract of some animals and in human infant 
would pose a risk of methemoglobinemia, as NO2' can reduce the iron of hemoglobin 
to ferric state so that its ability to carry O2 would be reduced. Besides, the 
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Figure 4.20 Percolate chemical properties: (a) total Kjedlahl nitrogen; (b) 
ammonaical nitrogen and (c) oxidized nitrogen of water ( • ) and leachate ( • ) 
irrigated columns over 40 weeks. Error bars indicate the standard deviation of 5 
replicates. 
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nitrosating agents formed from NO2" would react with secondary amines to form 
nitrosamines which could induce tumors in almost all vital tissues in mammals 
(Keeney, 1982). According to WHO (2005), the guideline value for NO3" and NCV 
in drinking water is 50 and 3 mg L'^ respectively. The maximum concentration of 
NOx determined in the percolates was about 300 mg L'^ which was much higher than 
the guideline value of either NO3' or NO2'. 
In order to prevent groundwater contamination, the amount of leachate to be 
irrigated should be carefully determined. It would be better to irrigate the seedlings 
at such a rate as to meets plant requirement so that no percolate is generated. In 
addition, the leachate should be more diluted. Otherwise, soil salination would be 
resulted, since there would be an accumulation of ions in the soil. Therefore, it 
would be better to dilute the leachate to a concentration that meets the plant uptake 
capacity. Mages an et al. (1998) suggested that the amount of plant uptake should 
be enhanced instead of diluting the leachate. It would also to increase the soil depth 
so that there were more soil particles and microorganisms to attenuate the applied 
leachate. 
4.3.6 N Budget 
Table 4.3 shows the N budget of the soil plant system before and after leachate 
irrigation of different period of time. There was a continuous decrease in soil N 
capital for the water-irrigated columns. Removal of soil N was attributed to plant 
absorption, leaching loss and unaccountable losses such as NH3 volatilization, 
denitrification and loss with litter. Plant N capital increased slightly as readily 
























































































































































































































































































































































































































































































































































loss of N contributed over 60% of N loss of the water-irrigated column, while only 
40% of N loss was accounted by leaching loss after 40 weeks. 
Both plant and soil N capital were increased by leachate irrigation. Plant N 
capital increase continuously, but the increment rate reduced after Week 20. It was 
probably due to increased leaf loss as indicated by reduced standing leaf number 
(Figure 4.1) and reduced growth rate after Week 20. The N capital was nearly the 
same for the soil irrigated with leachate for 20 and 40 weeks. This indicates that the 
soil became saturated with N. In fact, the final N capital of the leachate-irrigated 
soil-plant system remained nearly the same after Week 20. Most of the N applied 
lost from the system by leaching and other unaccountable means. 
Unaccountable loss constituted to near 80% of N added by leachate after Week 
20 (2,730 kg N h a ] added by leachate to the system compared with 2,020 kg N ha'' 
for unaccountable loss). NH3 volatilization would be the major route unaccountable 
N loss in this experiment. Over 90% of N was applied in NHx form, which was 
susceptible to volatilization. Depending on soil moisture content, 20 - 50 % of NH3 
applied can be lost with a few hours (Pain et al., 1989; Sommer and Christensen, 
1991; Moal et al., 1995). Litter loss would contribute to N loss to certain extent as 
there was a decreasing standing leaf number after Week 20. Contribution of litter to 
the N balance was less importance for the soil-plant system, since less than 0.1% of 
total N in soil which was available to plants come from litter (Stevenson, 1982). 
The denitrification rate was extremely low, because the good aeration provided by 
sandy soil used in this experiment inhibits the obligate anaerobic denitrifier. 
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4.3.7 N-saturation 
The primary aim of leachate irrigation is to utilize its nutrient contents 
especially N to speed up the establishment of ecosystem in a nutrient deficient 
degraded land. Leachate irrigation provides a rapid accumulation of N which is 
essential for plant. Nevertheless, the soil-plant system has a definite capacity to fix 
N. It is not surprising that N-saturation may occur in long run, if leachate irrigation 
is not managed properly. 
N-saturation is defined as the amount of available N in ecosystem that 
exceeds the biotic demand (Aber et al., 1989). The ability of an ecosystem to fix N 
is limited by other factors such as light, water and other nutrients (Aber et al., 1991). 
This concept appeared in 1980s as there increasing evidence that N input via 
atmospheric deposition due to elevated industrial activities had altered the N cycling 
in Northern America and Europe (Corbin et al., 2003; Aber and Magill, 2004). 
According to Aber et al. (1989), N-saturation development could be divided into 4 
stages (Figure 4.21) and the ultimate results would be forest decline. 
Symptom of N-saturation is primarily due to enhanced nitrification rate. 
Higher nitrification rate leads to elevated NO3' and hence small seasonal variability 
in NO3- concentration in nearby water body. Higher nitrification rate would lead to 
decrease in soil pH which eventually induces cation loss, which consequently caused 
a decrease in foliar cation contents which lead to decrease in productivity (Magill et 
al., 2000). Besides, increased nitrification would increase the emission of nitrous 
oxide which is an important greenhouse gas. Other characteristics of a N-saturated 
forest involve a rapid increase in N discharge following fertilization, a close balance 
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Figure 4.21 Hypothesized time course of forest ecosystem response to chronic N 
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changing levels of N availability (Aber, 1989) 
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between input and output of inorganic N, increase in foliar N, elevated amino acid 
contents in plants, an initial increase and subsequent decline in net mineralization, 
reduction in plant resistance to pathogen attack, decrease in stress resistance due to 
reduced root growth in response to elevated N availability (Aber et al., 1989; 
Johnson and Ball, 1991; Aber 1992; Aber et al., 1995; Peterjohn et al., 1996; Magill 
et al., 2000; Bauer et al., 2004; Magill et al., 2004). 
The reason for N—saturation causing forest decline was believed to primarily be 
due to the induction of nutrient imbalance. Increase in N availability and decrease 
in cation contents would affect soil and foliar chemistry, especially decrease the 
Ca:Al and Mg:N ratios which are related to reduced photosynthetic N use efficiency. 
Decrease in photosynthetic efficiency reduces forest growth and even cause tree 
mortality (Aber et al., 1995). Besides, decrease in soil pH leads to increase in soil 
Al mobility and decrease in P availability, which would affect plant growth as a 
result (Johnson and Ball, 1991; Corbin et al., 2003). 
Symptoms of N saturation occurred in this study involved elevated foliar N 
content, leaching of N, increased nitrification rate, decrease in enzymes activity after 
Week 20 and about 90% the N added was not fixed by the soil-plant system after 
40-week leachate irrigation(Table 4.3). However, it was difficult to conclude that 
N-saturation occurred after 20 week leachate irrigation as there was a decrease in 
plant productivity as a result of reduced solar radiation and room temperature which 
reduced the amount of N that could be fixed by plant. However, prolonged leachate 
irrigation without appropriate management will definitely cause N saturation in the 
long run which eventually lead to forest decline. Special attention should be paid to 
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prevent the system changing from nutrient-deficient to nutrient-excessive one. 
4.4 Conclusions 
Plant growth was stimulated by the leachate irrigation, although it decreased 
with time. Soil used in this experiment belonged to a sandy loam which was less 
effective in pollutant attenuation, but it provides excellent drainage and aeration to 
support the microbial growth. Vegetation increased the SOM of the upper layer of 
the soil column which increased the ability of soil to retain the leachate constituents. 
Increase in SOM would also increase the enzyme activities and nitrification rate 
where higher enzyme activity and nitrification rate were found on the surface layer. 
The attenuation ability of soil seems to be saturated after Week 20. 
The presence of vegetation increased microbial activities and nitrification as it 
provides a better environment for their growth. Leachate-irrigated soils generally 
had higher phosphatase activity which were due to stimulated plant growth and 
enhanced microbial growth by increased available nutrient supply. The nitrification 
rate was promoted by leachate irrigation which increased the amount of readily 
leachable NO3". Elevated nitrification was one of the symptoms of N saturation. 
There was no significant difference in dehydrogenases activity between the water-
and leachate-irrigated columns, since dehydrogenase was not originated from plants. 
N mineralization may be impaired by leachate irrigation, as urease activity was 
inhibited by leachate irrigation which was due to product inhibition effect as leachate 
provides sunstantial amount of NH4+ to the soil. There was a seasonal variation for 
the microbial activities and nitrification. Therefore it would be difficult to conclude 
that the decrease in microbial activities after Week 40 was due to the accumulation of 
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pollutants. Nevertheless, it would be evident that the soil microbial activities would 
not be decreased by leachate irrigation if it was diluted to 5% (v/v) for 20 weeks. 
The elevated levels of EC, CI" and N in percolate collected from 
leachate-irrigated columns indicate the potential risk of groundwater contamination 
caused by leachate irrigation. N-saturation may be induced by leachate irrigation in 
the long run which may eventually lead to decline in plant and soil productivity, if 
leachate irrigation does not manage properly. 
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Chapter 5 General conclusions 
5.1 Summary of findings 
Leachate samples from the WENT Landfill were characterized by alkaline pH, 
high NHx-N, EC, COD and TOC, but low in P，NOx-N and metal contents. This 
indicates that the landfill had already reached the methanogenic stage, although it is 
still an operating landfill. The time for landfills in Hong Kong to reach 
methanogenic stage was short because of its warm, humid climate. Leachate 
samples collected in wet season were relatively diluted in terms of EC and NHx-N, 
and such a seasonal variation of leachate characteristic is strongly related to the 
change in precipitation. 
Species selection is one of important factors that affects the feasibility of 
leachate irrigation, as different species respond differently. Since landfill leachate 
was a saline mixed liquor as indicated by high EC, soil salination would be a 
side-effect of the leachate irrigation. Therefore, salinity-resistant species would 
probably be more suitable for leachate irrigation. In Chapter 2, 19 salinity-resistant 
tree species were selected as candidates for leachate irrigation. Most of the species 
showed an increased productivity as a result of leachate irrigation. No obvious 
adverse effects on the seedlings were evident during the 90-day irrigation. No 
significant difference in photosynthetic efficiency as indicated by chlorophyll 
fluorescence was observed between water- and leachate-irrigated seedlings except S. 
discolor. These results indicate that the seedling growth was promoted by the 
fertilization effects of leachate with a dilution to 5% (v/v). Species that are 
salinity-resistant would be more appropriate for leachate irrigation. In this study, 
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the growth of Hibiscus tiliaceus, Melia azedarach and Sapium discolo, were 
stimulated the most by leachate irrigation. 
The fertilization effect of leachate was attributed to its high available N content. 
Leachate-irrigated seedlings had a higher foliar N content than water-irrigated 
counterparts. N-fixing species were generally less responsive to leachate irrigation 
when comparing with non-N-fixing species. This indicates that the N-fixing species 
have no advantages over non-N-fixing species when N supply is not limiting. 
Nodule number and biomass were reduced by leachate irrigation in all N-fixing 
species used in Chapter 2, though there was no significant difference. The nodules 
were darker in colour, compared with the pinkish colour of healthy nodules after 
90-day leachate irrigation. N fixation was impaired by leachate irrigation to a 
certain extent. 
P is one of the macronutrients for plants of which sufficient amount was not 
provided by leachate irrigation due to its low P content. However, P addition to 
leachate-irrigated plants did not increase the plant growth (Chapter 3). The 
application of ten times of tropical plant P requirement as estimated only resulted in a 
slightly increase in plant growth. Surplus supply of N may increase plant P 
requirement. Furthermore, decrease in P availability due to soil acidity may also 
account for the poor response of plant toward P amendment. Application of lime or 
gypsum can reduce soil acidity which may improve the P availability to plants. 
The soil-plant system has definitive capacity to remediate the impacts brought 
by leachate irrigation. In Chapter 4，it was found that the soil-plant system irrigated 
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with leachate may be saturated by the chemical species in leachate especially N. 
There was a substantial leaching of N and CI" in the leachate-irrigated columns which 
showed that potential groundwater contamination may occur. 
Enzyme activities were higher at the surface layer where the major root 
biomass was found. Soil processes and enzyme activities were promoted by 
vegetation. Soils collected from leachate-irrigated columns had higher nitrification 
rate, and acid and alkaline phosphatase activities. Microbial population was 
stimulated by leachate irrigation which provides available nutrients to promote their 
growth. Besides, plant growth was promoted by leachate irrigation which increased 
root biomass and hence enzyme production from plants. Urease activity was 
inhibited by negative feedback, since leachate irrigation introduced large amount of 
NH4+ to the soil which was the product of urease mediated reaction. It shows that N 
mineralization was inhibited to certain extent. However, impact of N 
mineralization on the ecosystem is counteracted by the supply of substantial amount 
of readily available N by leachate irrigation. There was no significant difference for 
soil dehydrogenase activity between the water- and leachate-irrigated soil. 
Nitrification was promoted by leachate irrigation due to the provision of available 
NH4+ to the soil. All the results showed that the microbial activities and hence 
functions of soil was not impaired by leachate irrigation at the dilution level used for 
20 week. There was a decrease in soil microbial activities and nitrification after 40 
weeks for both water- and leachate-irrigated soil probably a result of seasonal 
variation in microbial activities. Therefore, it would be difficult to conclude that 
the decrease in microbial activities for leachate-irrigated soil was due to toxicity 
accumulation in soil. 
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5.2 General considerations regarding leachate irrigation 
Leachate strength and concentration determine the success of leachate 
irrigation. In practice, the loading rate and irrigation method also play an important 
role. Loading rate determines the amount of nutrients or pollutants that the plants 
are exposed to. Surface irrigation such as spray irrigation and overland flow can 
enhance water loss by evapotranspiration. However, leaf burnt was reported if the 
foliage contacted the sprayed leachate (Ettala, 1987; Shrive and Mcbride, 1995). 
Clogging of the sprayer may also occur, as the leachate contains a large amount of 
suspended solids. The amount of leachate being added to the soil surface should be 
carefully adjusted to prevent surface runoff. Subsurface irrigation can solve the 
problem, but requires a higher initial and maintenance costs. 
Although this study focused on the toxic effects on leachate to plant and soil, 
the toxic effects on human should not be neglected. Reduced food uptake, weight 
loss, sluggishness, loss of hair and reduced food intake were found in the rats 
exposed to leachate (Pastor et al., 1993; Bakane et al., 2003). Endocrine disrupters 
were also present in leachate (Wingtgen et al., 2003). These indicate that leachate 
irrigation has potential health hazards to human. Besides, leachate irrigation may 
cause environmental nuisance to nearby areas, as leachate contains high contents of 
NH3 and volatile organic acids which give out unpleasant smell. Particular 
attention should be paid to the workers in the application field and the neighbouring 
residents nearby. The problems could be solved to certain extent by using 
subsurface irrigation. 
In this study, 5% (v/v) diluted leachate was used for all experiments. This 
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dilution level was chosen because the EC50 of the WENT leachate was found to be 
approximately 5% (v/v) and would not cause any observable impact to plant (Cheng 
and Chu, 2006). However, it was shown that the leachate strength varied 
temporally; significant difference in strength was particularly found between wet and 
dry season. Therefore, simply diluting the leachate to a particular level causes a 
variation of irrigating leachate strength throughout the year. This can be solved by 
installing of a storage tank to equalize the strength of the raw leachate, or by 
determining the strength of each batch of leachate, using chemical indicators 
particularly N content, before dilution. 
5.3 Research prospects 
In this study, leachate irrigation is beneficial to plants and not detrimental to the 
soil-plant system. However, there are still some uncertainties present for field 
applications as mentioned in Section 5.2, which need to be explored. 
Most of the studies showed that the concentration of NH4+ is critical in 
determining the success of leachate irrigation. It is phytotoxic when its 
concentration is high, but it promotes plant growth when it is appropriately diluted. 
Since the composition of landfill leachate is so complicated, NH4+ may not 
necessarily be the sole toxicant that affects plant growth. It is worth lo identify the 
major toxicants in leachate to plant growth so that suitable pretreatment can be 
carried out to make leachate irrigation more feasible. On the contrary, it will also 
be valuable to determine the presence of factors other than nutritional ones that 
promote plant growth. 
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It has been discussed in Chapter 4 that N saturation would be one of the most 
important problems arisen from leachate irrigation if the amount of N added to the 
system was not well managed. One of the possible consequences of excessive N 
would be the stimulation of grass and shrub growth (Keeney, 1982). As a result, the 
ecological structure changed. Sustainable management practices would be 
important to prevent saturation from occurring. These involve altering the leachate 
concentration, loading rate, irrigation frequency, biomass removal and addition of 
specific nutrients. Investigating the ability of soil-plant system to retain N would 
be important to determine the leachate loading rate which can be done by examining 
the N budget of a soil plant system. Corbin et al. (2003) suggested that P 
fertilization which increases the biomass production would increase the ability of 
ecosystem to fix more N. It would be better to quantify how much P should be 
added and to what extent the N saturation introduced by leachate irrigation would be 
mediated by P fertilization. 
Groundwater contamination would be the one of the major problems that limit 
the feasibility of leachate irrigation. In this study, the determination of chemical 
properties of percolate collected from the leachate-irrigated column can only give 
preliminary information for the potential risk of groundwater contamination. 
Further study should be conducted to determine the leaching loss of pollutants from 
leachate, since the hydrological factors that play a critical role in determining 
groundwater contamination were not considered in this study. Besides, to 
complement phytotoxicity data, the relationship between the strength of leachate 
applied and the chemical properties of the percolate should be assessed so as to 
provide additional information to safeguard leachate irrigation. Evapotranspiration 
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of the soil-plant system should also be determined so that water loss of the system 
can be balanced the amount of leachate irrigated in order to minimizing leaching. 
Accumulation of excessive available N would affect the activities of the 
enzymes such as urease that are involved in N cycling. It is beneficial to determine 
whether the deterioration in soil quality is permanent or not. The ability of soil to 
restore its original state after leachate irrigation ceased should also be evaluated. 
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